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THEORETICAL BACKGROUND FOR THERMIONIC CONVERSION 

INCLUDING SPACE-CHARGE THEORY, SCHOTTKY THEORY, 

AND THE ISOTHERMAL DIODE SHEATH THEORY 

by Wayne B. Nottingham* and Roland Breitwieser 

Lewis  Research Center 

SUMMARY 
A t heo re t i ca l  background t o  the  analysis  of thermionic converter perform- 

The areas of theory t r ea t ed  include (1) space-charge theory ance i s  presented. 
f o r  the  case where e i the r  e lectrons or ions a re  the  predominant charge ca r r i e r s ,  
( 2 )  Schottky mirror image theory f o r  ion and electron emission, and (3 )  Fowler 
theory applied t o  a plasma i n  equilibrium with an emitt ing surface, t r ea t ed  i n  
terms of the  r e l a t i o n  of the  plasma poten t ia l  t o  surface poten t ia l s  and i n  terms 
of the  character of the  sheath. Included a r e  various graphical and tabulated 
aids  t o  the  analysis  of  cesium f i l l e d  thermionic converters. Simplicity of 
theory and assumption i s  emphasized so  as t o  yield convenient ana ly t i ca l  t oo l s  
f o r  the  f i rs t  order examination and treatment of thermionic converter data. 

I. - INTRODUCTION 

Stimulated by the  need f o r  an energy conversion system t h a t  minimizes the  
weight per kilowatt ,  t h e  d i r ec t  conversion of heat t o  e l e c t r i c i t y  by thermionics 
has been intensively investigated i n  many research centers f o r  t he  past  several  
years. As a pa r t  of t h i s  e f f o r t  many excel lent  de ta i led  analyses and experimen- 
t a l  s tudies  of thermionic processes have been developed. Experience has shown 
t h a t  knowledge of space -charge, Schottky, Fowler ( sheath), and isothermal diode 
theories  a re  required for many phases of t h i s  thermionic converter research. A 
series of lec tures  by the  authors covering these ana ly t i ca l  areas  has been com- 
bined and i s  the framework of t h i s  report .  

Space-charge theory i s  reviewed for t he  case where the  charge c a r r i e r  i s  
predominantly of one sign. This theory appl ies  d i r e c t l y  t o  the  vacuum diode and 
of ten can be extended t o  the  analysis  of t he  performance of the  plasma diode. 
The Schottky theory of the  transmission of e lectrons i n  strongly accelerat ing 
f i e l d s  is  reviewed, and simplified r e l a t ions  a r e  developed. A b r i e f  review of 
t he  theory of the  isothermal diode and guides t o  i t s  appl icat ion are presented. 
Reference is  made t o  the  Fowler space-charge theory i n  the  isothermal diode 
analysis.  The Fowler theory i s  used t o  describe the  poten t ia l  var ia t ion  of t h e  
plasma sheath between t h e  conductor surface and t h e  isothermal plasma. 

The primary in ten t  of t h i s  report  is  t o  translate these well-known theo- 
r e t i c a l  developments i n t o  a form amenable t o  t r e a t i n g  experimental data. Review 
and, on occasions, modified development of theory have been included s o  t h a t  t he  
l imitat ions of theory a re  thus established. It is  f e l t  t h a t  t he  ana ly t i ca l  ap- 
proaches suggested can serve as important a ids  t o  the  understanding of p r a c t i c a l  
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thermionic converters despite t he  f a c t  t h a t  experimental conditions seldom f i t  
the  spec i f ic  boundary condi t ions-set  by theory. 

11. - GENERAL DESCRIPTION OF SPACE-CHARGE PROBLEM 

The equations t o  be swamarized i n  t h i s  sect ion apply t o  e i the r  e lectron 
or ion emission across a diode. The i n i t i a l  formulation relates t o  the  current-  
voltage curve t h a t  describes the  del ivery of e lectrons t o  a col lector  i n  absence 
of any ions. The analysis  assumes the  e m i t t e r  and co l lec tor  work functions are 
uniform, the  surfaces are pa ra l l e l ,  i n f i n i t e  planar areas exis t ,  and the  temper- 
a tures  a re  known. The various ranges of i n t e r e s t  are shown i n  the electron po- 
t e n t i a l  diagrams ( f ig s .  II : l(a) t o  ( c ) )  and the  corresponding current-voltage 
curve ( f ig .  I I : l ( d ) ) .  Figure I I : l ( b )  is  a typ ica l  po ten t i a l  diagram i n  the  
space-charge range. Figures II : l(a) and (b)  represent t h e  poten t ia l  d i s t r ibu t ion  
a t  the l i m i t s  of the  space-charge range. The e lec t ron  poten t ia l  diagram of 
spec ia l  importance i n  shown i n  f igure I I : l (a)  i n  which the  interelectrode poten- 
t i a l m e r g e s  with co l lec tor  po ten t ia l  with zero slope. This i s  a c r i t i c a l  condi- 
t i o n  o f  zero f i e l d  a t  the  col lector  and serves t o  separate the "space-charge 
range" from the  "Boltmann range" and i s  iden t i f i ed  as the  Maxwell-Boltmann 
l imi t  (MBL). The applied poten t ia l  a t  t h i s  Maxwell-Boltmann l i m i t  i s  ident i f ied  
by V ~ L .  The co l lec tor  work function cp2 i s  defined as the  difference between 
the  co l lec tor  Fermi l e v e l  and surface potent ia l .  Thus, t he  surface poten t ia l  
'PIVBL 
poten t ia l  VMBL and cp2. Over t h e  range of voltage more negative than t h i s  
l imit ing value V ~ L ,  the  current observed is  a d i r ec t  measure of the  t o t a l  out- 
flow of e lectrons from the  emitter t h a t  have a su f f i c i en t  energy t o  overcome the  
surface ba r r i e r  a t  the  col lector .  The s t r a igh t  l i n e  portion of t he  logarithm of 
the  current p lo t ted  against  voltage is  t h i s  Boltmann range ( f ig .  II:l(d)). The 
equation t h a t  r e l a t e s  t h i s  current t o  the  applied voltage i s  the  following form 
of the  Richardson-Dushman emission equation: 

r e l a t i v e  t o  the  emit ter  Fermi l e v e l  i s  equal t o  absolute sum of the  applied 

(113) 

The equation i s  wr i t ten  i n  i t s  general form. The s ign convention used i s  as 
follows: the  work function cp i s  always t r ea t ed  as a posi t ive quantity. When 
the  Fermi l e v e l  of the  col lector  is  negative with respect t o  the emitter (d i s -  
placed downward i n  f i g .  II : l(a) ) , the  applied voltage i s  negative and can- 
ce ls  the  negative s ign i n  the  parenthesis i n  equat ion(I1: l ) .  
( ( ~ 2  - VB) represents  t he  surface ba r r i e r  a t  t he  co l lec tor  t h a t  suppresses e lec-  
t ron  f l o w  from the  emit ter  and is  therefore  referenced t o  the  emitter Fermi 
level .  can be determined 
d i r ec t ly  from the  current density -JB and applied voltage VB. The emit ter  
temperature may a l s o  be obtained from the  s t r a igh t  l i n e  portion of the logarithm 
of current of a p lo t  such as f igure  I I : l ( d ) .  Noting t h a t  T appears i n  the  
exponent i n  equation (II:l), it then f o l l o w s  d i r e c t l y  t h a t  emitter temperature 
can be established a t  any a r b i t r a r y  current r a t i o  

VB 
The quantity 

It follows t h a t  a t  a given emitter temperature, cp2 

( I I : 2 )  
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(a) Typical potential at Maxwell- 

Boitzmann l im i t  (start of space- 
charge region VB i s  equal to 
to  VMBL; i f  voltage is  more nega- 
tive, Boltzmann range i s  en- 
tered). 

(b) Example of potential i n  
space-charge region. 

(c) Example of potential w i th  
zero field at emitter (cor- 
responds to saturation cu r -  
ren t  condition). 

L Z e r o  field at emitter 
and t r u e  saturation 

c 

E L ‘-Maxwell-Boltzmann l im i t  
I Boltzmann range 

1,’ 

u 

-1 0 1 
Applied volts o n  collector ( i l lustrat ive) 

(d) Current-voltage curve. 

Figure ILL - Ranges of interest in space-charge analysis of planar diode. 

Various current r a t i o s  may be used. For example, a convenient current r a t i o  of 
3.197 r e s u l t s  i n  

As  t he  applied voltage VB i s  changed t o  make the  surface poten t ia l  less 
negative, the  l i n e a r  portion of the  logarithmic current-voltage curve terminates 
( f ig .  II : l(a)) .  
the  Maxwell-Boltmann range and the  onset of t he  space-charge condition. A t  
s t i l l  s m a l l e r  negative surface potent ia ls ,  t he  space-charge minimum moves toward 
t h e  emitter. 
shown i n  f igu re  I I : l ( b ) .  
i s  posi t ive with respect t o  t h a t  of t h e  emitter,  t h e  current i s  determined by 
t h e  space-charge ba r r i e r ,  which i s  more negative than t h e  emit ter  surface po- 
t e n t i a l .  
i s  associated with t h e  zero slope of t h e  poten t ia l  at  t h e  emitter surface 
(f ig .  I I : l ( c ) ) .  

This i s  the  aforementioned c r i t i c a l  condition of the l i m i t  of 

A t y p i c a l  po ten t ia l  d i s t r ibu t ion  i n  t h e  space-charge range i s  
Here, although the  surface poten t ia l  of t h e  co l lec tor  

The l i m i t  of t h e  space-charge range i s  a l so  shown i n  t h e  diagram and 

The saturat ion emission capabi l i ty  of t he  emitter can only be 
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measured a t  t h i s  condition of zero f i e l d  a t  the  emit ter .  The observed current 
(at zero f i e l d )  can be used t o  determine the  work funct ion of the  emit ter  by the  
standard form of the  Richardson-Dushman equation 

( I I :4 )  

Space-charge theory appl ies  spec i f i ca l ly  t o  t h e  range of applied voltage 
f o r  which the  surface poten t ia l  of t he  co l lec tor  is  var ied between t h a t  of t he  
Maxwell-Boltzmann l i m i t  and t h a t  of zero f i e l d  a t  the  emitter.  The theory may 
be applied t o  e i t h e r  ions or electrons if proper recognition of charge, pa r t i c l e  
mass, and po ten t i a l  i s  made. A surface po ten t i a l  a t  the  Maxwell-Boltzmann l i m i t  
depends on the  spacing, emitter temperature, and t o  some extent on the  emitter 
work function. If these quant i t ies  a re  known then the  applied poten t ia l  re- 
quired t o  e s t ab l i sh  zero f i e l d  a t  the  emit ter  may be computed. The las t  point 
is  of pa r t i cu la r  i n t e r e s t  since it appl ies  t o  the  evaluation of ion current 
production a t  a heated surface i n  the presence of an e a s i l y  ionized gas such 
as cesium. The space-charge r e l a t ions  a re  a l s o  obviously of value i n  determining 
the  emitter work function f rom the  iden t i f i ca t ion  of zero-f ie ld  emission current.  

Diodes of grea tes t  i n t e r e s t  t o  thermionic conversion must necessar i ly  com- 
bine the  influence of  both electrons and ions. 
noncollisional space-charge theory limits the  quant i ta t ive assessment of the  
propert ies  of t he  e m i t t e r  and the  co l lec tor  surface t o  data  'obtained a t  extremely 
close spacing. A s  the  spacing increases beyond a few microns, plasma conditions 
develop and current-voltage charac te r i s t ics  are generated t h a t  follow the  qual- 
i t a t i v e  fea tures  associated with the  basic space-charge theory, but current-  
voltage cha rac t e r i s t i c s  have t o  be associated with an "effective spacing" con- 
s iderably l e s s  than the  ac tua l  interelectrode spacing. 

The use of the  "unicharge", 

Data obtained near t he  Maxwell-Boltzmann l imi t  often a re  l e s s  d i s tor ted  
by plasma e f f ec t s  than data  obtained near sa tura t ion  current condition. 
the space-charge theory reviewed here i s  being adapted t o  determine (1) emission 
capabi l i ty  of an  emit ter ,  ( 2 )  information on l imi t ing  ba r r i e r s  other than the  
surface ba r r i e r ,  and (3) e f fec t ive  spacing, by t h e  method of indexing the  
solut ion of the  space-charge problem t o  the  Maxwell-Boltzmann l i m i t .  The r e s u l t s  
on ba r r i e r s  and spacings apply t o  both electrons and ions. The evaluation of 
the  ba r r i e r s  and spacing hopefully should lead t o  a b e t t e r  understanding of the 
properties of t he  conducting plasma i n  the  interelectrode space of p rac t i ca l  
energy converters . 

Thus, 

I11 - LA.NGM7JI.R SPACE-CHARGE EQUATION 

Langmuir ( r e f .  1) and others ( r e f s .  2 t o  4) have presented and evaluated 
the  basic  d i f f e r e n t i a l  equations r e l a t i n g  emit ter  temperature, charge-to- 
pa r t i c l e  mass r a t i o ,  current flow across a diode t o  the  po ten t i a l  as a function 
of distance. 
Maxwell-Boltzmann d i s t r ibu t ion  function, t he  Boltzmann r e l a t ion ,  and conserva- 
t i o n  equations. 
w i l l  not be repeated here. 
less parameters , 

The space-charge formulation involves Poisson*s equation, the  

The der ivat ion i s  given i n  the  aforementioned references so  it 
The generalized solut ion makes use of the  dimension- 

4 



( I11 : 1) 

(I11 : 2 )  

(III:3) 

where 
ions. The value of x can be obtained conveniently by a nomographic solut ion 
presented i n  f igure  1II:l. 

K i s  6 . 5 ~ 1 0 ~  f o r  e lectrons or i s  1 . 4 4 2 ~ 1 0 ~  f o r  s ingly charged cesium 

The basic  d i f f e ren t i a l  equation (ref. 2, f o r  example) is 

(I11 : 4) 

where P is the  well-known "probabili ty i n t e g a l " .  The plus  s ign i n  equation 
( I I I : 4 )  i s  used i n  the  emitter region ( i . e . ,  t he  region between t h e  space-charge 
minimum and t h e  emitter), and t h e  negative s ign appl ies  to t he  co l lec tor  region. 
The equation can be integrated once to y ie ld  a r e s u l t  su i t ab le  f o r  numerical 
integration. The numerical solutions f o r  both regions a re  given i n  t ab le  1II:l 
and are essent ia l ly  equivalent t o  t he  values given i n  references 2, 4, and 5; the  
small differences r e f l e c t  t he  difference i n  the  numerical computing procedures. 

Figure I I I : 2  i s  a graphical representat ion of t ab le  1II:l. The shortcoming 
of the solut ion i n  the  form shown i n  f igure  I I I : 2  i s  t h a t  the  dimensionless pa- 
rameters a re  referenced to the  space-charge minimum and a re  not obviously r e l a t ed  
to experimentally observable quant i t ies .  

r en t  condition correspond t o  zero f i e l d  a t  the  co l lec tor  (space-charge minimum 
a t  co l lec tor  surface) and zero f i e l d  (minimum) a t  emitter,  respectively. 
zero-field conditions a t  the  surfaces immediately r e l a t e  the  poten t ia l  distribu- 
t i o n  i n  the  interelectrode space to the  applied voltage and are  therefore the 
log ica l  s t a r t i n g  points  f o r  space-charge analysis.  

A s  discussed previously, t he  Maxwell-Boltmann l i m i t  and the  saturat ion cur- 

The two 

A graphical representat ion of t he  space-charge re la t ions  is  gi.ven i n  f i g -  
ure III:3. The form i s  similar t o  f igure 1I:l; however, po ten t ia l  and d i s -  
tance are represented i n  dimensionless uni t s .  The r e l a t ion  between surface po- 
t e n t i a l ,  work function, and Fermi level is  as before, except the  po ten t i a l  d i f -  
ferences have been divided by kT/q t o  make them dimensionless. The p o t e n t i a l  
d i s t r ibu t ion  f o r  zero f i e l d  a t  t h e  emitter i s  completely described by curve C-R 
( f ig .  III:3), which i s  the  generalized solut ion of t he  space-charge conditions 
i n  the  co l lec tor  region. The loca t ion  of the  col lector  surface i s  es tab l i shed  
by the values of J, T, and w ( i .e . ,  t he  dimensionless distance X). 

5 



7 112 '' 442x10 
+x = ,.314 for  s ingly charged cesium ions 

5 112 -x for electrons 

Emitter 
temperature 
"K eV 

Cur ren t  density 
pAlcm2 A h 2  

lm$; 6 

.30 

.28 

A 

1000 

. .  
J =3.Oamp; x = 6 ~  and 
x = 2.4 (Specification of 
any th ree  terms i s  suf- 
f icient. ) 

.006 
,004 

.002 

L R 

Dimensionless 
distance, 

X 
Cesium Elec- 

ions t rons 

-Indexing 
l ine  

Spacing, x 
Cesium ions Electrons 
cm p cm 

.6 

. 4  ! .2 

,001 .1  
L R  

. 01 
L R  

Figure 1II:l. - Solutions of dimensionless distance parameter for singly charged cesium ions and electrons in  ideal planar h igh  vacuum diode. (Rela- 
t ions among c u r r e n t  density, temperature, spacing, and zero field at collector surface are established for emitter of unl imited emission capability i f  
nomographic solution is indexed at A or  B (x column) for  ions and electrons, respectively. 1 Use on ly  L o r  R columns for c u r r e n t  density and 
spacing. 

Conditions other than zero f i e l d  a t  the  emit ter  can be represented by the  
generalized space-charge curve ( f ig .  III:2) displaced s o  t h a t  t he  poten t ia l  
curve corresponding t o  t h e  emitter region passes through the  point corresponding 
t o  the  surface po ten t i a l  ba r r i e r  a t  the  surface of t he  emitter. 

Several qua l i ta t ive  observations can be made with regard t o  f igure  III:3. 
Perhaps the  most s ign i f icant  is  the  f a c t  t h a t  t he  space-charge minimum must l i e  
on a s ingle  curve (curve E-R) f o r  a l l  possible space-charge conditions. Curve 
E-R is the  numerical solut ion of the  space-charge r e l a t i o n  (eq. III:4) i n  t he  
emitter region and thus provides the  means of ana ly t i ca l ly  coupling the  space- 
charge solut ion t o  t h e  surface. 
achieved by using a procedure based on the  simple graphical analysis  of space- 
charge problems. 

Visualization of t h i s  r e l a t i o n  is  perhaps best  

6 
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TA6I.E 1II:l. - NUI.F.RICAL SOLUTION TO LANGMUIR EQUATION FOR SPACE CHARGE 

( a )  I n  e m i t t e r  s p a c e  (eq.  

D l r w n s i o n l e s s  
p o t e n t i a l ,  

*E 
a0.50C00 

0.59999 
0.70000 
0.79999 
0.89999 
0.09999 
O.llCO0 
0.12000 
0. I 3000  
0.13999 
0-  15000 
0.20000 
0.24999 
0.30COO 
0.34999 
0.40000 
0.45000 
0.49999 
0.59999 
0.69999 

0.90000 
0.09999 
0.15000 
0.20c00 
0.25000 
0.30000 
0.34999 
0.40000 
0.45000 
0.49999 
0.55000 
0.59999 
0.64999 
0.70000 
0.74999 
0.79999 
0.84999 
0.89999 
0.95000 
0.99999 

10500 
0 .  I0999 
0.1 I 4 9 9  
0.11999 
0.12499 
0. I 3000  
0.13499 
0.13999 
0.14500 
0.14999 
0.16COO 
0.16999 
0.17999 
0.l9COO 
0.20000 
0.20999 
0.2 I999  
0-23COO 
0.23999 
0.24999 
0.25999 
0.27000 
0.27999 
0.28999 
0.29999 
0-30999 
0.31999 
0.32999 
0.34COO 
0.34999 
0.3599q 
0.38COC 
0.40COO 
0.41999 
0.43995 
0.45999 
0.4799q 
0.49995 
0.55coc 
0.59995 
0.64999 

0.74999 
0.8000c 
0.89999 
0.09995 
0. IZOOC 
0 .  I3999 
0.16000 
0.18COC 
0.20coc 

o.eocoo 

0.700oa 

E-02 
E-02 
E-02 
E-02 
E-02 
E-0 1 
E-0 1 
E-0 1 
E-0 1 
E-0 1 
E-01 
E-C I 
E-0 1 
E-0 1 
E-0 1 
E-0 1 
E-0 I 
E-0 1 
E-0 1 
E-0 1 
E-C 1 
E-Ol 
E-00 
E-00 
E-00 
E-00 
E-00 
t-00 
E-00 
E-GO 
E-00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 00 
E C O  
E CO 
E 00 
E 00 
E CI 
t 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 01  
E 0 1  
E 0 1  
E C I  
E 0 1  
E C I  
E 0 1  
E 0 1  
E 0 1  
t G I  
E 01 
E 01 
E C I  
E 0 1  
E 01 
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E G I  
E 0 1  
E 01 
E 0 1  
E 0 1  
E 01 
E 0 1  
E 0 1  
E 01  
E 0 1  
E 0 1  
E 01 
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 

D i m e n s i o n l e s s  
d i s t a n c e ,  

XE 
0.98671 
0. IO794 
0.11645 
0.12435 
0. I 3176  
0.13875 
0.14538 
0.15171 
0 .  I 5776  
0. I 6358  
0.16919 
0.19463 
0.21689 
0.23688 
0.25515 
0.27206 
0.28786 
0.30273 
0.33019 
0.35522 
0.37832 
0.39985 
0.42005 
0.50679 
0.57767 
0.63839 
0.691 88 
0.73990 
0.78356 
0.82366 
0.86078 
0.89535 
0.92770 
0.95812 
0.9868 I 
0. IO I 3 9  
0. IO397 
0. IO642 
0.10875 
0.1 I098  
0.11311 
0.11515 
0.11710 
0.1 I 898  
0.12078 
0.12251 
0.12418 
0. I 2579  
0.12734 
0.12884 
0. I 3028  
0. I 3302  
0.13559 
0.13799 
0.14024 
0.14236 
0. I4436  
0. I 4623  
0. I4800 
0. I4968 
0.15125 
0. I5274 
0.15u15 
0.15549 
0.15675 
0. I5795 
0.15908 
0.16015 
0.16117 
0.16213 
0.16305 
0. I 6392  
0. I6553  
0.16698 
0.16828 
0.16946 
0.17053 
0.17149 
0. I7236 
0.1?419 
0. I 7560  
0.17671 
0.17757 
0.17823 
0.17876 
0.17948 
0.17991 
0. I8034 
0. l805C 
0.18055 
0.18057 
0.1805E 

E-01 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E 00 
E 00 
E 00 
E 00 
t 00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 00 
t 00 
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 01 
E 0 1  
t 0 1  
E 0 1  
E 0 1  
E 01 
E 01 
E 01 
E 01 
t 0 1  
E 01 
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 01 
e 0 1  
E 01 
E 0 1  
t 0 1  
E 0 1  
E 0 1  
E 0 1  
t 01  
E 0 1  
E 0 1  
E 0 1  
E 01 
E 01 
E 01 
E 0 1  
E 01 
E 0 1  
E 01 
E 01 
E 0 1  
E 01 
E 01 
t 01 
E 0 1  
E 01 
E 01 
E 01 
E 0 1  
E 01 
E 01 
E 01 
E 01 
E 01 
E 0 1  
E 0 1  
E 0 1  

T I I :  3 )  ) 

0.97360 
0.1 I 6 5 2  
0.13562 
0.15464 
0.17361 
0.19251 
0.21136 
0.23016 
0.24890 
0 -26 760 
0.28625 
0.37883 
0.47043 
0.56114 
0.65105 
0.74021 
0.82868 
0.91649. 
0.10903, 
0.12618 
0.14313 
0.15Y88 
0. I7644  
0.25684 
0.33370 
0.40754 
0.47871 
0.54745 
0.61396 
0.67842 
0.74094 
0.80165 
0.86064 
0.91800 
0.97380 
0.10281 
0.10810 
0. I I 3 2 5  
0.1 I 8 2 7  
0.12316 
0.12794 
0.13259 
0.13713 
0.14 156, 
0 .  I4588 
0.15010 
0 .  I 5422  
0.15824 
0.16216 
0.16599 
0. I 6973  
u. 17696 
0.18385 
0. I 9042  
0.19669 
0.20268 
0.20840 
0.21386 
0.21906 
0.22404 
0.22878 
0.23352 
0.23764 
0.24177 
0.24571 
0.24948 
0.25307 
0.25650 
0.25977 
0.26289 
0.26587 
0.26871 
0.27400 
0.27882 
0.28321 
0.28719 
0.29081 
0.29410 
0.29709 
0.30342 
0.30838 
0.3 1227 
0.3 153 1 
0.31769 
0.31955 
0.32213 
0.32370 
0.32523 
0.32580 
0.32601 
0.32608 
0.3261 I 

__ 
E-02 
E-0 1 
E-0 1 
E-0 1 
E-0 1 
E-0 1 
E-01 
E-0 1 
E-0 1 
E-0 1 
E-0 1 
E-01 
E-0 1 
e-0 1 
E-0 1 
E-0 I 
E-0 1 
E-0 1 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 0 1  
t 0 1  
E 0 1  
E 0 1  
E 0 1  
E 01 
E 0 1  
E 0 1  
E 01  
E 0 1  
E 01 
E 01 
E 0 1  
t 0 1  
E 0 1  
E 0 1  
E 01 
E 01 
t 0 1  
E 0 1  
E 0 1  
E 01 
E 0 1  
E 01 
E 0 1  
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 0 1  
E 0 1  
E 01 
t 0 1  
E 01 
E 01 
E 0 1  
E 0 1  
E 01 
E 01  
E 0 1  
E 01  
E 01 
E 0 1  
E 0 1  
E 0 1  
E 01 
E 01 
E 01 
E 0 1  
E 01 

(b) I n  c o l l e c t o r  s p a z e  ( e q .  

Dimens ionless  
p o t e n t i a l ,  

*C  
c 0.09999 

0.20000 
0.30000 
0.40000 
0.49999 
0.59999 
0.69999 
0.79999 
0.90000 
0.09999 
0 -  I5000 
0.20000 
0.25000 
0.30000 
0.34999 
0.40000 
0.45000 
0.49999 
0.60000 
0.70000 
o.8ocoo 

d0.90000 
0.09999 
0.10999 
0.12000 
0.13999 
0.16000 
0.17999 
0.20000 
0.21999 
0.23999 
0.26000 
0.27999 
0.30000, 
0.3 1999' 
0.34COO 
0.35999 
0.38COO 
0.39999 
0.45COO' 
0.49999 
0.550008 
0.59999' 
0.64999 
0.70000~ 
0.75999' 
0.80000' 
0.89999 
0.09999 
0. I ICOO' 
0.12000~ 
0. 13000 
0.13999 
0.15000, 
0.16000 
0.l8COO 
0.2000'2 
0.25000 
0.30000 
0.34999 
0.40COO 
0.45000 
0.50000 
0.59999 
0.70000 
0.80000 
0.90000 
0.09999 
0. I5000 
0.20000 
0.30000 
0.40000 
0.50000 
0.60000 
0.70000 
0.80000 
0.90000 
0.09999 

E-0 1 
E-0 1 
E-0 1 
E-0 I 
E-0 1 
E-0 1 
E-01 
E-0 1 
E-0 1 
E-00 
E-00 
E-00 
E-00 
E-GO 
E-CO 
E-00 
E-00 
E-00 
E 00 
E 00 
E 00 
E C O  
E 01 
E 01  
E 01 
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 01 
E 0 1  
E 0 1  
E 01 
E 0 1  
E 0 1  
E 0 1  
E G I  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 01 
E 01  
E 0 1  
E 0 1  
E 01 
E 01 
E 0 1  
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 03 
E 03 
E 03 
E 0 5  
E 03 
E 03 
E 03 
E 03 
E 03 
E 03 
E 04 

Read as 0.5x10-2. 
bRead as O.105X1O1. 

'Read as 0.09x10-1. 

dRead as 0.09xl01. 

Dimens ionless  
d i s t a n c e ,  

xc 
0.14406 
0.20527 
0.25284 
0.29334 
0.32933 
0.36211 
0.39246 
0.42088 
0.44773 
0.47325 
0.58660 
0.68409 
0.77142 
0.85153 
0.92616 
0.99644 
0.10631 
0 .  I I 2 6 8  
U. 12470 
0 .  I 3593  
0.14655 
0.15665 
0.16632 
0.17563 
0. I 8463  
0.20180 
0.21808 
0.23363 
0.24856 
0.26295 
0.27689 
0.29042. 
0.30359' 
0.3 I 6 4 3  
0.32898 
0.34 126. 
0.35329. 
0.36510 
0.37670 
0.40488' 
0.43203 
0.45829, 
0.483781 
0.50859 
0.532791 
0.55643, 
0.579581 
0.6245S1 
0.667981 
0.710071 
0.750991 
0.790874 
0.82982. 
0.86790 
0.90515 
0.97683, 
0.10378, 
0.12052, 
0.13630. 
0 . 1 5 1 3 4 *  
0.16578' 
0.17971 
0.193221 
0.21'915 
0.24390. 
0.267691 
0.29068, 
0.3 12981 
0.41674 
0.51145 
0.68397. 
0.84 1711 
0.98937; 
0.112951 
0.126361 
0.139291 
0-15181* 
0.16398 

E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 01 
E 0 1  

E :; 
E 01 
E 0 1  
E 01 
E 01 
E 01 
E 01  
E 0 1  
E 0 1  
E 01 
E 0 1  
E 01  
E 0 1  
E 01 
E 0 1  
E 0 1  
E 01 
E 01 
E 0 1  
E 0 1  
E 01 
t 01 
E 0 1  
E 0 1  
E 01 
E 0 1  
E 0 1  
E 01 
E 01 
E 0 1  
E 01 
E 01 
E 0 1  
E 01 
E 0 1  
E 01 
E 0 1  
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 03 
E 03 
E 03 
E 03 
E 03 

(111: 3) ) 

0.20756 
0.42138 
0.63929 
0.86052 0 .  IO846 

0.13112 
0.15402 
0.17714 
0.20046 
0.22397 
0.34410 
0.46798 
0.59509 
0.72511 
0.85777 
0.99289 
0.11303 
0.12699 
0.15551, 
0.18479 
0.21477 
0.24540 
0.27665 
0.30849 
0.34088 
0.40726 
0.47562 
0.54584 
0.61 782 
0.69146 
0.76669 
0.84345 
0.92167 
0.10012 
0.10822 
0.11646 
0 .12U81  
0. I3330 
0.l4190 
0.16393 
0. I8665 
0.2 IO03 
0.23404 
0.25866 
0.28386 
0.30962 
0.33592 
0.39007 
0.44 620 
0.50420 
0.56399 
0.62548 
0.68860 
0.75326 
0.81930 
0.951r20 
0.10772 
0. I4526 
0.18580 
0.22906 
0.27484 
0.32298 
0.37334 
0.48027 
0.59488 
0.71661 
0.84498 
0.97961 
0.17367 
0.26158 
0.4678 1 
0.70848 
0.97886 
0.12757 
0.15068 
0. I 9 4 0 3  
0.23048 
0.26889 

E-0 1 
E-01 
E-0 I 
t - 0 1  
E-00 
E-00 
E-00 
6-00 
E-00 
E-00 
E-00 
E-00 
E 00 
E 00 
E 00 
E 00 
E 01 
E 0 1  
E.01 
E 01 
E 01  
E 01 
E 0 1  
E 0 1  
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01  
E 0 1  
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 03 
E 03 
E 03 
E 03 
E 03 
E 03  
E U3 
E 03 
E 03  
E 03 
E 03 
E 03 
E 04 
E 04 
E 04 
E 04 
E 04 
E 05 
E 0 5  
E 05 
E 05 
E 05 
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Figure 1II:E - Space-charge potential distribution. 

A "template"' can be made t o  represent t he  generalized space-charge solution 
corresponding t o  the  form given i n  f igure  .111:2. 
t h e  emitter t h e  space-chmge minimum of the  template must coincide with the 
po ten t i a l  a t  t he  surface ba r r i e r ,  f o r  example, point 1 i n  f igure  I I I :3 .  The 
poten t ia l  d i s t r ibu t ion  i n  t h e  interelectrode space can then be drawn and must 
l i e  on curve C-R. By noting t h a t  t he  generalized space-charge curve must always 
cross the  surface a t  point 1, the  "space-charge template" then may be sh i f t ed  

S tar t ing  with zero f i e l d  a t  

t o  correspona t o  ever increasing space-cnarge Darriers.. (Gooralnates must 01- 
course be maintained p a r a l l e l ) .  
described by t h e  pos i t ion  of the  m'nimum. 

r ie r  becomes la rger ,  therefore d i s to r t ing  the  real  distance feature  of t he  
po ten t i a l  curve.) 
po ten t i a l  d i s t r ibu t ions  have been constructed by t h i s  procedure and are i l l u s -  
t r a t e d  i n  f igure  III:3 (p t .  2 '  curve 11, pt .  3' curve 111, etc .  ). I n  the  pro- 
cess of sh i f t i ng  t h e  space-charge template from the  zero-field condition t o  
curve X I 1 1  ( for  example), t h e  space-charge minimum w i l l  t r ace  out curve E-R, 
which as indicated before i s  the  emitter region branch of t he  generalized space- 
charge curve. From the  nature of t he  emitter region space-charge solution, t he  
locat ion of the  space-charge minimum cannot exceed a value of  X = 1.806: Thus 
not only is  the  loca t ion  of the  minimum completely described but a l s o  the  limits 
of X, = 0 and 1.806. Curve E-R a l s o  represents  a l l  possible locat ions of t he  

The magnitude and locat ion of t he  b a r r i e r  are 
(The reader should note t h a t  dimen- 

s ionless  distance X contains J1 7 2, which decreases as the  space-charge bar- 

Examples of t he  locat ion of t h e  minimum and corresponding 

8 
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Figure III:3. - Generalized space-charge potential distributions. 
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col lec tor  surface i n  terms of dimensionless distance a t  t h e  Maxwell-Boltzmann 
l i m i t ,  s ince by de f in i t i on  zero f i e l d  a t  the  co l lec tor  must exist a t  t h i s  l imi t -  
ing condition. 

If distance,  sa tura t ion  current,  and temperature a re  held constant 
= constant)  while applied voltage is  varied,  then it i s  possible to 

uniquely e s t ab l i sh  the  current at the  Maxwell-Boltzmann l i m i t  and thus X E , ~ L .  
The r e l a t ed  quant i t ies  * E , ~ L  and difference i n  surface poten t ia l  between 
sa tura t ion  current and the  current at t he  MBL condition (*c,o + *E,MBL) follow 
d i rec t ly .  The general  procedure employed is  perhaps best  i l l u s t r a t e d  by example. 
L e t  t he  saturation current,  distance,  and temperature correspond t o  a value of 
% 0 
Boitzmann condition ( i . e . ,  zero-field condition a t  the  co l lec tor )  the  current w i l l  
be inhibi ted by t h e  space-charge ba r r i e r ,  which is  ident i f iab le  since the  ba r r i e r  
is  a t  the  co l lec tor  surface. The ba r r i e r  height i s  
i n  current i s  determined from the  Boltzmann r e l a t i o n  

represented by point 3 on curve C-R figure III:3. A t  the  Maxwell- 

%,MBL, and the  reduction 

T 

( I I I : 5 )  

Numerical or graphical i t e r a t i o n  quickly determines the  value of 
must l i e  on the  XE curve) t h a t  satisfies equation ( I I I :5 )  and the  XE,TE 
space-charge re la t ion .  Point 3' is thus uniquely established. In  a s imilar  
sense point 2 corresponds t o  point 2 '  or f o r  l a rger  values of Q,o point 4 
corresponds t o  point 4', 5 t o  5 ' ,  and so  for th .  

(point 3' 

Further de ta i led  developments of  the  r e l a t i o n  between the  two zero-field 
conditions and the  parametric re la t ions  involving current,  distance,  temperature, 
and m a s s  t o  charge r a t i o  a re  given i n  sect ion IV. 

It again should be noted t h a t  t he  key t o  the  numerical solut ion of the  
space-charge problem i s  based on the  two zero-field conditions, when the  space- 
charge ba r r i e r  e x i s t s  a t  the  emitter and a t  the  col lector .  A l s o  it i s  in t e re s t -  
ing t o  note t h a t  as $E m~ approaches in f in i ty ,  X E , ~ L  possesses a l imi t ing  
value of 1.806. For a l l  p rac t i ca l  purposes when h,m~ i s  greater  than 10, 
X E , ~ L  has approached the  l imi t ing  value. 
sect ion V I 1  i n  t h e  development of a universal  unlimited current-voltage curve. 

Use w i l l  be made of t h i s  f a c t  i n  

IV - ANALYTICAL D E V E L O ~ N T  O F  SPACE-CHARGE RELATIONS 

Assume t h a t  i n  a hypothetical  case, the  emit ter  temperature, spacing, and 
current a t  the  Maxwell-Boltzmann l i m i t  a r e  known and the  objective is  t o  deter-  
mine t h e  sa tura t ion  current. The dimensionless distance %,mL is now defined 
since 

(IV:l) 

The dimensionless poten t ia l  $ E , ~ L  i s  a l s o  establ ished from the generalized 

10 



7 
‘k, N 

+E,MBL 1 1 :  +E,M 

1 -  
All + quantities 
are positive up- 
wards and are 
referenced to 
space-charge 
min imum 

Typical locations of collector sur-  
face (in un i t s  of dimensionless 
distance) in  space-charge region, 
that  is, from zero field at collec- 
tor  point 3’, to zero f ield at t +qr emitter point 3 

\ 
\ 
I 
I 
I 
I Curve E-R 
I 
I 
I 
I 
I 
I 

Dimensionless distance, x = KJ1’2x/T3’4 

Figure Ikl. - Typical t rans i t ion potential diagrams in space-charge region. 

space-charge r e l a t i o n  ( tab le  I11 : 1( a )  f o r  example ) . A s  the  applied voltage i s  
made more posi t ive ( fo r  e lec t rons) ,  the  poten t ia l  d i s t r ibu t ion  var ies  a s  shown 
i n  f igure 1 V : l .  The co l lec tor  locat ion i n  un i t s  of X s h i f t s  t o  the  r igh t  
because of the  increase i n  current.  The space-charge ba r r i e r  s h i f t s  from the  
co l lec tor  surface (curve A)  i n to  the interelectrode space (curves B, C, D, and 
E )  and f i n a l l y  intercepts  t he  emitter surface (curve F). 
f igure 1 V : l  i s  iden t i ca l  t o  t h a t  of f igure III:3 (p. 10) except f o r  t he  in- 
creased d e t a i l  f o r  the  t r a n s i t i o n  conditions between points  3 ’  and 3. 

The s t ruc ture  of 

A s  indicated i n  sec t ion  111, current w i l l  increase up t o  JO between the  
Maxwell-Boltmann l i m i t  and t h e  sa tura t ion  condition according t o  the  following 
re la t ions :  

( m 2 )  

where Jo i s  now the  sa tura t ion  current since zero f i e l d  ex i s t s  a t  the  emitter.  
The numerical evaluation of t he  r a t i o  of 
X E , ~ L  i s  given i n  figure IV:2. 
graph i n  f igure  1II:l (p. 7)  conveniently r e l a t e s  sa tura t ion  current t o  

JO/JMBL f o r  various values of 
The combination of f igure  I V : 2  and the  nomo- 

J ~ L ,  
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spacing, and emit ter  temperature. XE,MBL i s  determined from the  nomograph 
( f ig .  1II:l) f o r  e i t h e r  ions or electrons,  and 
from f igure  1V:Z. 

Jo i s  subsequently established 

Additional useful  r e l a t ions  can a l s o  be determined from an extension of t he  
approach used previously. 
s ionless  distance i n  the  co l lec tor  region i s  

Since the  sa tura t ion  current is  known, the dimen- 

(IV:3) 

( A l l  terms i n  X are constant except cur ren t . )  The dimensionless poten t ia l  

a t  the  emitter surface) ,  and therefore  the  var ia t ion  i n  surface poten t ia l  i n  
i s  establ ished from xcJ0 ( the  subscript  0 again r e f e r s  t o  zero f i e l d  %,o 
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TABLE m:l. - TABULATIONS OF VARIATION I N  APPLIED VOLTAGE ( D l h b E R E N C E  I N  

SiiRFACE POTENTIAL) THAT EXISTS bETWEEN MAXWELL-BOLTZMA" LIMIT AND 

SATURATED CURRENT CVNDITION FOR IDEAL PLANAR HIGH VACUUM DIODE 

[Tempera ture ,  d i s t a n c e ,  and  s a t u r a t i o n  c u r r e n t  c a p a b i l i t y  a r e  assumed 
c o n s t a n t . ]  

( a )  T a b u l a t i o n  f o r  even  v a l u e s  of s u r f a c e  p o t e n t i a l  

S u r f a c e  
p o t  mt i a l  

d i f f e r e n c e ,  

*E,iXRL+*C,O 

0.09999 
0.20000 
i0-30000 
0.40000 
0.49999 
0.59999 
0.69999 
0.79999 
0.90C00, 
0.09999 
0.15000~ 
0.20000~ 
0.25000' 
0.300008 
0.34999 
0.40000, 
0.45000' 
0.49999 
0.60000 
0.70000 
0.80000 
o.9ocoo 
0.09999 
0. I0999 
0.12000 
0.13999 
0.16000 
0.17999 
0.20c00 
0.2 I999 
0.23999 
0.26COO 
0-27999 
0.30000 
0- 3 1999 
0.34COO 
0.35999 
0.38COO 
0.39999 
0.45000 
0.49999 
0 . 5 5 C O O  
0.59999 
0.64999 
0.70000 
0.74999 
0 .80000  
0.89999 
0.09999 
0.1 IC00 
0.12000 
0.13COO 
0.l399P 
'0- l 5 C O O  
0. I6000 
0. I 8 0 0 0  
0.20000 
0.25000 
0.30000 
0.34999 
0.40000 
0.45000 
0.50000 
0.59999 
0-7OCOO 
0.80000 
0.90000 
0.09999 
0- 15000 
0.20000 
0.30000 
0.40000 
0 . 5 0 C O O  
0.60000 
0.70000 
0.80000 
0.90COO 
0.09999 

E-0 1 
E-0 I 
E-0 I 
E - 0  I 
E-0 1 
E-0 1 
E,-0 1 
E-U 1 
E-01 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-UO 
E 00 
E 00 
E 00 
E 00 
t 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 01 
E C I  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 01 
E 0 1  
E 0 1  
E GI 
E 01  
E 0 1  
E 0 1  
E C I  
E 02 
E 02 
E 02 
E 02 
t 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 03 
E C3 
t 03 
E 03 
E 03 
E 03 
E 03 
E 03 
E 03 
E 03 
E 04 

Read a s  0.15~10~. 

Dimensionlc 
c o r r c s p o r  

Ze ro  f i e l d  a t  
e m i t t e r ,  

xc, 0 

0. IO007 
0.14165 
0. I7365 
0.20071 
0.22461 
0.24630 
0.26630 
0.28497 
0.30257 
0.3 I927 
0.39315 
0.45652 
0.5 1329 
0.56548 
0.61429 
0.66051 
0.70457 
0.74695 
0.82767 
0.90420 
(1.97751 
0. IO482 
0. I 1  I69 
0.118Z8 
0.12493 
0. I3766 
0.14999 
0.16201 
0.17375 
0. I8527 
0.19659 
0.20712 
0.21869 
0.2295 1 
0.24019 
0.25074 
0.261 I7 
0.27148 
0.28167 
0.30673 
0.33 120 
0.35515 
0.37862 
0.40164 
0.42426 
O.4h650 
0.46840 
0.51 1 I8 
0.55282 
0.5934 1 
0.63305 
0.67 I 8 4  
0.70984 
0.74713 
0.78377 
0.85529 
0.92470 
0. IO904 
0.12472 
0.13970 
0 . 1 5 4 l l  
0.16802 
0.18149 
0.20743 
0.23145 
0.25549 
0.27872 
0.3004 1 
0.40406 

0.67092 
0.fl272 I 
0.97836 
O.lO99l 
0.12262 
0.13583 
0. I4942 
0.16321 

0.49864 

E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
?-00 
e-00 
E-00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 00 
E 01 
E 01 
i 01 
t 01 
E 01 
E 01 
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 01 
E 0 1  
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 0 1  
E 01 
E 0 1  
E 0 1  
E 01  
E 0 1  
E 0 1  
E 0 1  
E 01 
E 0 1  
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 0 1  
E 02 
e 02 
E 02 
E 02 
E 02 
t 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 03 
E 03 
t 03 
E 03 
t 03 

i d i s t a n c e  
ng t o  - 

~ 

Zero  f i e l d  at  
c o l l e c t o r .  

XE, MEL 

0.998221 
0.14092 
0.17231 
0.19862 
0.22170 
0.24245 
0.26144 
0.27903 
0.29547 
0.31094 
0.37778 
0.43281 
0.480I7 
0.52200 
0.5596 1 
0.59388 
0.62531 
0.65443 
0.70698 
0.75337 
0. I9485 
0.83232 
0.86642 
0.89767 
0.92645 
0.V7784 
0. IO225 
0.10618 
0.10967 
0.1 I279 
0.11561 
0.1 1816 
0.12049 
0.12263 
0. I2459 
0. I2640 
0.12809 
0.12965 
0.1311u 
0.13455 
0.13713 
0.13954 
0.14166 
0.14353 
0.14520 
0.14671 
0.14806 
0.15042 
0.15241 
0 . 1 5 4 1 1  
0.15558 
0.15687 
0.15800 
0. I5902 
0.15993 
0.16150 
0.16281 
0.16552 
O.l6Ill 
0.16847 
0. I6954 
0.l704l 
0. I71 13 
0.17226 
0.17309 
0.17377 
0. I7432 
0.17476 
0.17622 
0.17703 
0.17793 
0.17843 
0.17876 
U.17895 
0.17912 
0. I7926 
0. I7938 
0. I7948 

E-0 1 
E-00 
t-00 
E - 0 0 .  
E-00 
E-00 
E-00 
E-00 
E-00 
E-00 
t-OQ 
E-00  
E-00  
E 00 
E 00 
E 00 
t 60 
E 00 
E 00 
t 00 
E 00 
t 00 
6 00 
t 00 
E 00 * 00 
t 0 1  
t 01 
t 01 
E 0 1  
E 0 1  
E 0 1  
t 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
c 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
c 0 1  
E 01 
t 0 1  
t 01 
E 0 1  
i 0 1  
E 01 
c 0 1  
E 01 
t 0 1  
E 01 
E 01 
E 0 1  
E 0 1  
E 01  
E 01 
t 0 1  
E 0 1  
E 0 1  
E 0 1  
E 0 1  
E 01 
E 01 
E 0 1  
c 0 1  
E 01 
E 0 1  
1- 0 1  
E 01 
E 0 1  
E 0 1  
E 0 1  
E 0 1  

- 
C u r r e n t  r a t i o ,  
J04m 

0.10051 
0-10103 
0- 10156 
0.10210 
0.10265 
0.10319 
0.10375 
0.10430 
0.10486 
0.10543 
0.10830 
0.11 125 
0.11427 
0.11735 
0.12049 
0.12369 
0.12695 
0.13027 
0.13705 
0.14405 
0.15124 
0.15862 
0.16618 
0.17392 
0.18184 
0.19819 
0.21519 
0.23281 
0.25102 
0.26981 
0.28915 
0.30901 
0.32940 
0.35028 
0.37164 
0.39346 
0.41574 
0.43845 
0.46158 
0.52123 
0.58333 
0.64774 
0-71433 
0.78300 
0.85367 
0.92625 
0.10007 
0.11547 
0.13155 
0.14826 
0.16555 
0.18342 
0.20182 
0.22073 
0.24016 
0-28044 
0.32254 
0.43502 
0.55701 
0.68757 
U.82621 
0.97216 
0.11247 
0.14499 
0.17878 
0.21616 
0.25563 
0.29548 
0.52 572 
0.79335 
0.14217 
0.21493 
0.29954 
0.37726 
0.46863 
0.57416 
0.69381 
0.82691 

,E 01 
E 01 
*E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
'E 01 
'E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 01 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 02 
E 03 
E 03 
E 03 
E 03 
E 03 
E 03 
E 03 
E 03 
E 04 
E 04 
E 04 
E 04 
E 04 
E 04 
E 04 
E 04 - 

Read a s  0.3x10-I. 
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TABLP IV:1. - C a n t l n u r l .  TABLEATTION~ OF VIIRuLTIOlr I N  A?PLEC VOLTAGE 

(DIPFCU'.X LN SIJFCFACE POTRITIAL) THRT EXISTS BEWEEI? MAA'WLL 

BOLTZEvLfi LIMIT AND SATURATED CLFtRb34IT CONDITION FOF 

IDEAL PLANAR HIGH VAcmiM DIODE 

[Temperatf la .  distance, and Baturatlon current capability a r e  assunel 
E O n 3 t e I . t .  1 
( b )  Tabulatlor for  even values Of x E , l m  (dlme~slorles. disterce 

at zero f i e l d  at collector) 

~ 

a0.10C34 
C.L2150 
O . I l < 7 l  
0 . 1 6 P P 8  
0.18339 
0 .19733  
0.21178 
0 .22611  

0 . 2 7 4 8 2  
0.29191 
0.30956 
0 . 3 2 7 1 2  
6 . 3 * L 4 0  
0 .36558  
0.38529 
O.qO55I 
C . 4 ( 7 7 7  
0 . 5 3 8 7 9  
0.63871 

0.86581 

0 . l 1 3 1 1  
0.12783 
0 .1 *358  
C . I h 1 1 3  
0 .16915  
0.18760 

0 .24972  
0 .21291  
C . 3 3 6 7 3  
O . G O P 3 1  

0.56611 0 . 5 8 5 7 6  

0.76290 
0 .81301  
0.86598 
0.98C15 
0.10125 

0. ,1768 
0 .12179  
0.13271 
0.15C90 
0.14956 
0 . 1 5 G I I  
0.16361 
0 . 1 1 3 7 1  

O.lSCI2 
0.20196 
0.20822 
(1.22 I 3 5  
0 .23543  
0 . 2 5 C S 7  
0 . 2 b l 8 8  
0.275'19 
C.29311 
C. 3 1  368 
C . 3 2 I P S  
G . 3 4 6 7 8  
0 . 1 5 8 8 2  
0.3RQ53 

0 . 4 6 C e B  
C . 4 9 7 1 1  
0 . 5 5 5 9 9  
0 . 6 0 5 < 5  
0.66372 
0.69318 
0.72566 

0.86C'll 
0 .92123  

0.10329 
O.IO'331  
0.11509 
0.12312 
0 . 1 3 l I O  
(I. 13594  
0.14978 
0.16072 

0 . L B 7 l L  
0 . 2 0 3 0 3  
C . Z Z L 2 8  
0 . 2 4 2 3 8  
C . 2 6 7 0 2  
0 . 2 q h 1 6  
C.33086 
c.37100 
0 . + 2 + 5 2  
0.GB9lb 
0 . 5 7 3 0 8  
C . 6 8 1 7 9  
0 . 8 3 4 8 1  
O.IOSL2 
C . 1 1 8 6 5  

k I P S ' t l  
0.30768 
0 . 6 0 5 6 3  
0 . 1 9 4 5 0  

0.25e17 

0. r + i m  
0 .92e*8  

0 . 2 2 7 r 6  

0 . ~ 5 1 r o  

0 . 6 ~ e o z  

0 . ~ ~ ~ 7 7  

o . i r w o  

0 . 4 2 1 0 1  

0 . 7 9 r ~  

o . v T r 8 8  

o . i r 3 1 1  

0.28+78 
~ 

.ead 88 0.10034Y1 

:ead 8 9  0.1954lX: 

Dimenslor. 
COlTe8p 

~ 

Zero f i e l d  at 
emitter. 

xc.0 
0.10025 
".LIO3', 
0.12011'1 
0.13057 
0.13563 
0.I407l 
0 .14579  
0.15088 
0.L6lOI 
u.i66ir 
0 . 1 1 1 2 1  
0.1764l 
0 .18153  
0.18867 
0.19101 
0 .19696  
0.20112 
0 . 2 1 2 4 h  
0 . 2 3 3 2 6  
C . 2 5 + 2 2  
" -21536  
0.296 I" 
0.307'1'. 
c . 3 4 0 0 ,  
0.36207 
0.38138 

0 . 4 1 8 4 2  
0.+&152 
0.G887P 
0.51305 
C . 5 3 7 7 6  
0.60162 
0 .668% 
0 .71126  
0.80092 
0.81656 
0.86'195 
0.95067 
0 .98692  
0 . 1 0 2 4 4  
0.11036 
0 .11455  
O.IIBR9 
0 . 1 2 3 4 3  
0.13058 
0.13107 
0 .13822  
0.1'.361 
0 .146W 
0.15219 
0.15826 
C . 1 6 l ' r Z  
0 . l h T 9 9  
(I .17SPL 
0.17857 
0.18605 
0 .19403  
0 .20251  
0.21153 
0 . 2 1 6 1 5  
C . 2 2 6 2 0  
0 . 2 3 6 8 5  
0 .25246  
0 . 2 5 4 3 0  
0 . 2 6 0 5 7  
0.27382 
0.29581 
0 . 3 1 2 1 3  
0 . 3 2 9 9 3  
0 .35990  
0 . 3 8 2 5 6  
0.'.07bS 
0 . 4 2 1 3 I  
0 . 4 3 5 7 4  
0.46727 
0 .50290 
0 . 5 2 2 6 3  
0.54370, 
0 .56631  
0.59063 
0.61686 
0.6+525 
0.616C6 
0 .10963  
0.7+632 
0.78643 
0 .83100 
0 .88023  
0 .93508  
0.99655 
0.10658 
0.11,,*8 
0.12156 ". I34Gb 
O.I , .LIL 
0.16100 
0.L7871 
0.200BL 
0 . 2 2 7 8 0  

0.3126, 
0 .38273  
0 . 4 9 1 9 4  
0 . 6 8 5 6 6  
O.LLZ69 
0.26639 
0.19599 

o . m r i 4  

0 . 2 6 4 1 ~  

1. 

i diatance 
r,E to - 
Zero f i e l d  at 
CDlleCtor, 

XE.MT5 

E-00  
E-OC 
E-OC 
E G O 0  
E -00  
E-00 
E - c o  
t - O @  
E-00 
E-UO 
E-00  
E -00  
E - 0 0  
E-OC 
t - " o  
E-GO 
E-bO 
E-00 
E-LO 
E-00  
E-bU 
E - 0 0  
1-00 
€ - O n  
E-00 
E - 0 0  
E - 0 0  
E - 0 C  
E-OO 
E.0" 
1-00 
L " 0  
E 00 
E 00  
E 0 0  
L 00  
E 00  
E 00  
E 00 
E (I' 

E 00 
E  00  
E  00 
E 00  
E  00  
E  00  
E L O  
E 00 
E 01 
E 01 
E  U I  
E  01 
E  0 1  
E 0 ,  
E (I1 
E OL 
E 01  
E 01 
t "L 
E 0 1  
E 0 1  
E 01  
L 0 ,  
E 0 1  
E 0 1  
E  01 
E  0 1  
L 0, 
E 01  
t " 1  
E OL 
E 0 1  
E 0 ,  
E 0 1  
E 0 1  
E GI 
E 01 
E  01 
E OL 
E 0 1  
E 0 1  
E 01  
E OL 
E 01 
E 01 
E 01 
E 01 
f 01 
E Cl 
E 01 
E  O L  
E 01 
E 0 1  
E  01  
E 01 
c 0 ,  
E 0 ,  
E 01 
E 0 1  
t 01 
E 01 
E G I  
E 01 
E  0 1  
E 01 
t "1 
E 01 
E 01 

current ratio 
JdJm 

0-10051 
0-10062 
0.1007, 
0.10087 
0.10095 
0-10l02 
0 . 1 0 1 1 0  
O. lOl l7  
0.1013+ 
0.10163 
0-10152 
0.10162 
0.10171 
O.IOI8l 
0.l0142 
0-10202 
0. 102, 1 
0.10236 
O.lO286 
0.10341 
0.1O*OL 
0.10467 
0.10502 
0.10617 
0.107L)I 
0.107'12 
O-IOB98 
0-10962 
0.1105l 
0.11291 
0-11+2, 
0.1142+ 
0.11567 
O-lIVbS 
0.12c30 
O.lZ7C6 
U.13*73 
0.13607 
0.1+039 
0-1+e.55 
0.15218 
0.15608 
0.16469 
0.l69Lb 
0.17452 

0.18895 
0.19216 

0.20623 
0.2lOl2 
0.21832 

0.23192 
0.24195 
0.25283 
0.25867 
O . 2 7 l l O  

0-29959 

0.32475 
0.34379 
0 -36G85  
0.37624 
0.*0097 
0.*1442 
0-5',165 
0.49479 
0.53+57 
0.5T997 

0-72502 

o.ir9w 

0.19895 

u - 2 2 ~ 2 0  

0.28*69 

o . 3 1 ~ ~ 8  

0.66088 

0-80154  
0-8*+2s 
0.89074 
0 .99684 
0 .LLZ'rO 
U.IlY7') 
0.1279k 
0. l3100 
0.14709 
0.15838 
0.17108 
O.IB%Z 
0.20172 
0.22032 
0 .2L159  
0.26641 
0.29523 
0.32909 
0.36924 
0.41731 
0.47563 
0.56745 

0.63681 0.75058 
0.89699 

0.13604 
0-17340 
0.23051 
0.11916 
0.+7288 
0.77249 
O-I,838 
0.39636 
0.21903 
0.11791 

o.ine30 

0 
0 
0 
0 
0 
0 
0 

0 0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 01 

01 
01 
01 
01 
01 
01 
01 
01 
01 

01 01 

01 
01 

01 01 

01 
01 
01 
01 
01 
01 

01 01 

0 ,  
01 
01 
01 
01 
01 
01 
01 

01 01 

01  

01  01 

01 
01 
01 
0 ,  
01 
01 
01 
01 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 02 
02 
02 

02 02 
02 
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
03 
0, 
OI 
05  
07 
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TABLE W:l.  - Concluded. TliRITLATIONS OF VARIATION I N  APPLIED VOLTAGE 

(bli.i.ERENcE IN SlTRFACE FOTWTIAL) THAT EXISTS ETWEEN MAXXELL- 

BOLTZNANN LIMST AND SATRATED ClJRRENT CONDITION FOR 

IDEAL PLANAR H I G H  VACUUM DIODE 

[Tr'werature, distance, and saturation Current "8Dsbility are asawned 
corstant. 1 
( 0 )  Tabulation fop even values of xc,o (4i--rsiOnlees distance 

at zero f i e l d  at emitter) 

S U S a C e  
po t  entia1 

difference, 
xE,MBL+ xC, 0 

2 0.22401 
0.39111 
0.61 1 9 0  
0.88417 
0.10044 
0.11308 
0 .11466 
0.12641 
0.14C42 
0.15558 
0.17039 
0. 1 8 6 3 6  
0.19456 
c.20292 
C.22008 
0.23183 
0.28<80 
0.13509 
0 . 3 8 8 4 0  
0.44467 
0.50363 
0.56496 
0.628'0 
0.69434 
0.16198 
0.83138 
0.17508 
0.11244 
0 .12181 
0.19314 
0. LbCOO 
C.17661 
0.1435*  
0.21C77 
0.22829 
0.24606 
0.26410 
0.28231 
0.30C81 
C. 3 1  960 
0.33855 
0.35771 
0 .31101 
C.39665 
0 . 4  1 6 4 2  
0.43639 
0.45656 
0 .41691 
0.49145 
0.51818 
0.53908 
0 .56Cl9  
0 . 5 8 1 4 6  
0.60291 
0.62454 
0 . 6 4 6 3 $  
0.11277 
0.75190 
0.82682 
0.87356 
0 . 9 L 4 8 5  
0.99314 
0. 1 0 6 6 7  
O . l l l b +  
0.11668 
0.13213 
0.13138 
0.15077 
0.16447 
0.11284 
0.118+9 
0.18418 
0.19281 
0.20742 
0.22232 
0.25295 
0.28462 
0.31730 
0 . 3 5 0 9 G  
0.38568 
O.<2C90 
0.45116 
0.49423 
0.53208 
0.57C68 
0.61COl 
0.65002 
0.13212 
0.81684 
0.90400 
0.99348 
0.14127 
0.19985 
0.28603 
0.3191< 

-0 .4 l998 
0.51411 
0.62253 
0.135G6 
0.85308 

3 b.91506 

E-01 
E-01 
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Figure M 3 .  - Space-charge curves used in analysis of current-voltage data f rom planar diodes. 
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going from the  Maxwell-Boltmann l i m i t  t o  sa tura t ion  i s  uniquely 
determined. These funct ional  r e l a t ions  a re  usefu l  i n  t r e a t i n g  experimental data 
and have been compiled i n  t ab le  1 V : l .  Knowledge of any one of the  terms, 

quant i t ies .  It should be noted t h a t  $ o/g,mL is equivalent t o  Jo/JmL 
and a l so  $ E , ~ L  + $c 0 corresponds t o  ;he difference i n  applied po ten t i a l  ( i n  
dimensionless vo l t s}  Chat e x i s t s  between the  Maxwell-Boltvaann l imi t  and t h e  
saturation condition. A convenient manner t o  present- the  unique r e l a t i o n  of 
t he  current voltage i n  the  space-charge region i s  shown i n  f igure  I V : 3  where the  
logarithm of J0/JmL is  p lo t ted  as a function of applied poten t ia l  
$ E , ~ L  + $C,O ( so l id  l i ne ) .  
representation of  t he  Maxwell-Boltmann l i n e  and an unlimited emission curve 
(dashed l i n e )  t h a t  w i l l  be discussed i n  sect ion V I .  
master curve discussed by Nottingham i n  reference 2. The u t i l i t y  of the  master 
curve i s  tha t ,  with a mini"  of experimental information, it permits t he  quick 
establishment of t he  r e l a t ions  between J ~ L ,  Jo, and t h e  applied voltage d i f -  
ference and a l s o  provides a s t a r t i n g  point f o r  a more de ta i led  treatment of 
space-charge theory. 

qE,m~ + $ c , ~  

%,mL, +,o, g,o/Xg,mL, or  $ E , ~ L  + $c,o, uniquely determines a l l  other 

Included i n  the  p lo t  is  the  s t r a igh t  l i n e  (dashed} 

The so l id  l i n e  i s  the  

V - APPLICATION OF MASTER CURVE 

Graphical solut ions of space-charge r e l a t ions  are achieved with the "master 
curve" by p lo t t ing  t h e  experimental current-voltage data  as the  logarithm of the  
current against  dimensionless vo l t s  on a separate sheet i n  scales  s e l f -  
consistent with f igure I V : 3 .  
of emitter temperature, which can be determined from the  slope of t he  Maxwell- 
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Boltvnann l i ne  (eq. II:2) or from d i r e c t  measurement). 
i s  sh i f ted  s o  that the  Maxwell-Boltzmann limits coincide and coordinates of the  
two sheets are p a r a l l e l  ( transparent master graphs or templates are quite useful  
f o r  t h i s  purpose). The current is  now normalized i n  the  r a t i o  form i n  terms of 
t he  ordinate of the  master curve. The experimental curve must intercept  t h e  
master curve a t  the  unique condition of zero f i e l d  a t  the  emit ter  if space- 
charge behavior ex is t s .  Thus Jo  and r e l a t ed  quant i t ies  such as work function 
can be established. The r a t i o  of Jo/JmL or t he  dimensionless poten t ia l  in- 

The master curve then 

t e r v a l  $ E , ~ L  + $ c , ~  can be used t o  ident i fy  X E , ~ L  and X r o  through 
t ab le  IV:L 

and equa- The ef fec t ive  spacing can be determined from X E , ~ L  or +,o 
t i o n  (III:2) since T, J ~ L ,  and Jo are a l so  known. A s  s t a t ed  previously, 
f igure 1II:l (p. 7 )  graphically r e l a t e s  X, w, and e m i t t e r  temperature f o r  
both ions and electrons and thus is convenient f o r  determining spacing. 

Rei terat ing,  two procedures e x i s t  by which the  sa tura t ion  current can be 
determined from the  current a t  the  Maxwell-Boltzmann l i m i t .  
knowledge of J ~ L ,  T, and w that corresponds t o  X E , ~ L ;  t h i s  i n  t u rn  defines 
the r a t i o  of Jo/JmL as given i n  f igure  I1I:l. Other r e l a t ions  such as 
and + $E a re  found d i r e c t l y  i n  table N:l by enter ing a t  Jo/JmL or 

X E , ~ L .  
quires t h a t  the experimental current-voltage data possess a saturat ion behavior 
at  a distance equal t o  the  distance t h a t  ex i s t s  when the  Maxwell-Boltmann l i m i t  
i s  determined. An intercept  technique based on transposing ac tua l  data on the  
theo re t i ca l  curve provides a so lu t ion  t o  t he  space-charge re la t ions .  Once the  
t w o  end points of the  space-charge region are  established, t r a n s i t i o n  curves of 
current-voltages between the  end points  can be determined. This is the  subject 
of the  next section. 

The first requires  

+,o 

An a l t e rna te  procedure does not require knowledge of spacing but r e -  

VI - TRANSITION CURVES IN SPACE-CHARGE REGION 

If it i s  assumed t h a t  t he  zero f i e l d  a t  the  co l lec tor  i s  established and 
t h a t  t he  space-charge re la t ions  govern t h e  current-voltage behavior up t o  the 
saturat ion condition, it i s  possible t o  es tab l i sh  the  en t i r e  current-voltage 
charac te r i s t ic  i n  t h e  space-charge t r ans i t i on  region f o r  any given set of start- 
ing conditions. The method i s  merely an extension of t he  procedure given i n  
sect ion IV and i s  based upon the  e f f ec t  of the  Boltzmann r e l a t ion  on transmitted 
current. 

Returning t o  f igure  IV: l two addi t ional  terms of use i n  the  following 
analysis  a re  the  distance from the  emitter surface t o  t h e  space-charge m i n i "  

and the  corresponding distance t o  t he  co l lec tor  xN. Then 

A s  before, the  po ten t i a l  i n  t he  e m i t t e r  space is  described by 

(V1:l) 
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(e.g., t ab l e  III:l(a), p. 7 )  and i n  the  co l lec tor  space 

% =A+,) ( V I : 2 )  

(e.g., t ab l e  I I I : l ( b ) ,  p. 7) .  
i n  the interelectrode space, the  dimensionless distance is  

I n  the  region where the  space-charge minimum i s  

Also 

( V I : 3 )  

( V I  : 4) 

( r e fe r  t o  f ig .  IV:1 f o r  an example of the  dimensionless po ten t i a l  d i s t r ibu t ion) .  
Since 

%,N = [.,MBL ( +E ’ MBL 2 - *E ’ M )]-%,M 

XM + XN = W, 

(VI:5) 

o r  

( V I : 6 )  
n 
eq.   VI:^) 

Equation (VI:6) i s  suf f ic ien t  t o  solve the  e n t i r e  space-charge t r a n s i t i o n  
curve f o r  any i n i t i a l  value of 
involves (1) s t a r t i n g  with a given XE,mL and therefore  
space-charge ba r r i e r  $,M, s l i g h t l y  less than +E,MBL, (3) establ ishing the  
corresponding value of X (4)  solving f o r  &-,,N, and (5 )  determining the  
value of qC (eq. ( V I : Z ~ ; Y ’  

XE,mL. The procedure is  tedious since it 
+E,mL, ( 2 )  choosing 

> 

Knowledge of +C,N f o r  the  assumed i n i t i a l  conditions i s  su f f i c i en t  t o  

i s  known from the  s t a r t i n g  conditions through the  Boltzmann r e l a t i o n  
es tab l i sh  one current-voltage point of the  t r a n s i t i o n  curve. The current r a t i o  
J/JMBL 

(VI :  7 )  
J JMBL- - ~Q(+E,MBL - +E,M) 

The surface po ten t i a l  re fe r red  t o  the  Maxwell-Boltzmann l i m i t  is  

+E,MBL - +E,M + +C,N (VI:8) 

(see f i g .  IV:l). 
repeating the  previous process for addi t iona l  incremental changes i n  + 

The remaining points of the t r a n s i t i o n  curve a re  found by 

E ,M 
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TABLE VI: 1.- I.ISTTIN0 OF L'c)oHIII::ATES FOR LUIdIIENT-WILTAGE TRANSITION CURVES I N  SPACE-CHARGE HBOION 

:uprent I Dimensionless d i s t ance  a t  MBL, xE,MBL 
0.8 I 0.9 I 1.0 I 1.1 I 1.2 I 1 .3  I 1 . 4  I 1.5 

I Surface p o t e n t i a l  referenced t o  MBL, - *E,., + *C,N 

0.09942 0.09927 0.09918 

,1978 ,1972 ,1968 

,2952 .2938 ,2930 

_ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  
_ _ _ _ _ _ _  __.____ _ _ _ _ _ _ _  

_ _ _ _ _ _ _  _ _ _ _ _ _ _  -.--__- 
0.3918 0.3894 0.3880 

,5831 .5776 ,5744 
_ _ _ _ _ _ _  _ _ _ _ _ _ _  __.____ 

_ _ _ _ _ _ _  _.___-_ --.-.-- 

0.7726 0.7625 0.7568 
.9608 .9446 .9357 

1.6 

0.0991 

,1966 

.2926 

. - - -. - - 

. - - - - - - 

. - - - - _ _  
0.3873 

.5728 
. - - - - - - 
. - - - - - - 
0.754C 

.9313 . - - - _ _  - 
1.105 
1 .276  

. - -. - - - 
1.444 
1.609 
1.772 
. . . . -. - 
2.170 
2.557 

2.934 
3.303 

3.664 
4.018 

4.709 
5.381 

6.037 
6.679 
7.311 

7.933 

9.156 

. - -. - -. 

. - - - _ _  - 

_ _  - - __. 

10.36 
12.79 
16.07 
. -. . - -. 
-. . . . . . 
- - - - - -. 
. . . . . . . 
- - - - - -. 
-. . -. . . 

-. . . -. 
-. . . -. . 
-. -. . -. 
. . . . -. . 
- - - - - -. 
. . . . . . . 
-. . . . . . 
- - . . -. . 

1.7 

3.0991 

,1966 

.2925 

._-_-_ 

_ _ _ _ _ _  
.-_-__ 
3.3870 

,5722 
.__.__ 

.___._ 

3.7529 
.9296 

_-____ 
1.103 
1.273 

...__. 
1.440 
1.604 
1.766 
_.__._ 

2.161 
2.543 

2.916 
3.278 

3.633 
3.981 

4.657 
5.310 

5.944 
6.562 
7.165 

7.755 

8.900 
0.00 
2.12 

4.62 

7.00 
1.45 
5.72 
9.79 
7.75 

2.45 

.__-__ 

_ _ _ _ _ _  

....._ 

__.___ 

..____ 
_..___ 
_.____ 
.._... 

_._.__ _ _ _ _ _ _  
__..__ 

1.8 p a 0 6  

~ 

0.099 

.196 

.292 

_ _ _ _ _ _  
- _ _ _ _ _  

_ _ _ _ _ _  
0.387 

,572 
_ _ _ _ _ _  
_.____ 

0.753 
,930 

1.103 
1.273 

___.__ 

._..._ 
1.440 
1.604 
1.766 
_.._._ 

2.161 
2.543 

2.915 
3.277 

3.631 
3.978 

4.652 
5.303 

5.935 
6.550 
7.149 

7.736 

8.873 
9.969 

_...__ 

__.___ 

_.____ 

12.06 

14.53 

16.86 
21.24 
25.33 
29.19 
36.41 

....._ 

. - - - - - - 
43.12 
58.40 
72.22 
85.04 

97.09 
119.5 
40.3 

~ 

0.09920 

,1967 

,2927 

_-- --_ _ _  
. - - - - _ _ _  
. - _ _ _ _ _ _  
0.3873 

.ti726 
_ _ _  _ _ _  _ _  
- _ _  - _-_ 
0.7533 

.9301 
-. - - - - _ _  
1.103 
1.273 

-. . - - - _ _  
1.440 
1.604 
1.766 
. . . . . . - - 

2.161 
2.543 

2.915 
3.277 

3.632 
3.978 

4.'652 
5.304 

5.935 
6.550 
7.150 

7.736 

8.873 
9.970 

-. . . . - _ _  

- __. -. - - 

- _ _  - - _ _  - 

12.06 

14.53 

16.87 
21.25 
25.33 
29.19 
36.41 

. . . . . - 

- - - - - - _ _  
43.13 
58.41 
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u n t i l  t he  l i m i t ,  where 
obtained . 

$ E , ~ L  - $E,M = 0, and thus sa tura t ion  conditions are 

Numerical solut ions of the  t r a n s i t i o n  curves ( i . e . ,  t yp ica l  current-voltage 
curves i n  the space-charge region) have been determined and are l i s t e d  i n  
tab le  V I : l .  The in t e rva l s  a r e  su f f i c i en t  f o r  t he  determination of m o s t  space 
charge dominated current-voltage charac te r i s t ics .  The r a t i o  of J/JmL and the  
corresponding value of surface po ten t i a l  difference ($E,mL - $E,M + $C,M) a r e  
presented f o r  t he  range of X E , ~ L  (current  density,  temperature, spacing, and 
charge t o  mass r a t i o )  of usual i n t e re s t  i n  space-charge solutions.  

V I 1  - LIMITING SPACE-CHARGE CURVE 

A result of i n t e r e s t  with regard t o  t he  current-voltage t r a n s i t i o n  curves 
is  the  s imi l a r i t y  of t he  current r a t i o  
conditions where X E , ~ L  approaches 1.806. If t ab le  III: l(a) (p. 7)  or f i g -  
ure 1 I I : Z  (p. 9 )  a r e  re fer red  t o ,  it can be seen t h a t ,  a t  values of 
is  nearly t o  the  l imi t ing  value (1 .799  compared t o  1.806). For a l l  p rac t i ca l  
purposes over t h e  range of voltages f o r  which $ E , ~ ~  i s  greater  than 10, the  
current across the  diode i s  independent of the  emission capabiliky .of t he  emit- 
t e r .  Surface ba r r i e r s  a r e  suppressed, space charge dominates, and the  emitter 
a c t s  as if it possesses unlimited emission capabi l i ty .  

J / J ~ L  and applied poten t ia l  f o r  those 

$E > 10, XE 

When ~ , M B J ,  i s  greater  than 10, t he  assumption t h a t  XE,MBL is  nearly 
equal t o  1.806 permits the  descr ipt ion of the  t r a n s i t i o n  curves by the  following 
approximat ion of  e quat i o n  ( V I  : 6 ) : 

This approximation i s  based upon the following: 

( 2 )  Also, XE,, 1.806 a t  $E,M near 10. 

Then 

( V I 1  : 1) 

( V 1 I : Z )  

The r a t i o  of as a function of change i n  applied poten t ia l  from the  MBL 
l i m i t  ( $ E , ~ L  - $E,M + $c,M) may be determined d i rec t ly .  
l a t ed  i n  the  last column i n  t ab le  VT:1 and correspondsto the curve labeled un- 
l imited emission i n  f igure  I V : 3  (p. 15). The unlimited emission curve provides 
an adequate representat ion of the current-voltage regions f o r  space-charge 

J/JmL 
This result i s  tabu- 

20 



l imited current conditions over a wide range of applied potent ia ls  and accu- 
r a t e l y  r e f l e c t s  the  current-voltage t rends during the  i n i t i a l  appl icat ion of 
accelerat ing po ten t i a l  f o r  almost a l l  cases where space-charge e f f ec t s  are of 
significance. 

V I 1 1  - REMARKS CONCERNING APPLICATION O F  SPACE-CHARGE THEORY 

It i s  generally impossible t o  separate the  electron current from the  ion 
current so t h a t  the  Maxwell-Boltzmann l i m i t  f o r  the  ion current i s  quant i ta t ively 
established. Only i n  extreme cases of high ion current density and a minimum of 
co l l i s ion  phenomena i s  the  match between theory and experiment sat isfactory.  A 
more applicable space-charge treatment of ion current deals with the  determina- 
t i o n  of the  applied voltage needed t o  reach ion sa tura t ion  a t  the  condition 
before the  onset of t he  Schottky e f fec t .  The procedure requires a reasonable 
estimate of the  saturated ion current Jo. I n  general, this i s  calculated by 
knowing the a r r i v a l  r a t e  of cesium atoms, cesium ionizat ion potent ia l ,  and the  
estimated o r  measured e m i t t e r  work function. 
modification of it may be used t o  calculate  the  ant ic ipated zero-field ion cur- 
r en t  density. 
case of cesium ions. If t h i s  value is  used along with the  other data i n  equa- 
t i o n  (1I I :Z)  or f igure  1II:l (p. 6 ) ,  the  value of %,o may be computed. 
Reference t o  t ab l e  I I I : l ( b )  (p. 7 )  es tabl ishes  the  corresponding value of 
This quantity when mult ipl ied by 
between the  surface of the  emitter and the  surface of t he  ion col lector ,  which 
must be established i n  order t o  obtain the  zero-field ion emission. This i n f o r -  
mation coupled with the  Schottky treatment of  current-voltage information ( t o  be 
discussed i n  sections IX and X) provides a useful  s t ep  i n  analyzing current-  
voltage information. 

The Langmuir-Saha equation or some 

The value of the  constant K (eq. ( 1 I I : Z ) )  is  l. 442~10~ f o r  t he  

$c,o. 
kT/q then gives the  poten t ia l  difference 

The use of t he  generalized space-charge r e l a t ions  a l so  involves the  presen- 
t a t i o n  of the  experimental data i n  a form similar t o  the master and unlimited 
emission curves shown i n  f igure  IV:3 (p. 15). The procedure previously outlined 
required transposing the  curves so  t h a t  the  Maxwell-Boltzmann limits coincided. 
The crossover of the  experimental curve with the  master curve gives zero-field 
emission and permits the  d i r ec t  determination of spacing w. Experiment has 
shown t h i s  value i s  i n  excel lent  agreement f o r  the  vacuum diode ( r e f .  2 ) .  The 
t r a n s i t i o n  curves a re  a l s o  accurately described by the  unlimited emission curve 
a t  the  i n i t i a l  values of  applied potent ia ls .  The plasma diode at extremely 
close spacing exhib i t s  space-charge behavior i n  close agreement with the  analyt-  
i c a l  predictions. If, however, as i s  t rue  i n  many cases, the  spacing i s  greater 
than a single mean f r e e  path f o r  an ion or an electron, the development of 
plasma conditions tends t o  make the  e f fec t ive  spacing considerably less than  t h e  
t r u e  one. Semiquantitative information on t h e  nature of the  ba r r i e r  i n  terms of 
height and locat ion can be obtained by the  use of t h e  space-charge re la t ions .  
The unlimited emission curve can a l so  be used as a useful  "barometer" of t he  
appl icabi l i ty  of the  space-charge relat ions.  The experimental data t h a t  c l ea r ly  
exceed the  condition of "unlimited" data  indicate  t h e  single-charge space-charge 
r e l a t ions  cannot be applied i n  a d i r ec t  fashion and sui table  adjustments must be 
made. The conditions i n  which th i s  occurs i n  the  case of e lectron transmission 
are of ten those of large ion currents. I n  the  cases where the  large ion current 
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predominates, appl icat ion of the space charge t o  t h e  ion of ten yields  useful  
information enabling a sor t ing  of e lectron and ion currents.  

I X  - GENERAL DISCUSSION OF SCHOTTKY MIRROR-IMA.GE THEORY 

Schottky (ref. 6)  w a s  one of t h e  first t o  ca l l  a t t en t ion  t o  the  mirror-image 
concept. The force ac t ing  on an e lec t ron  as it progresses from the  surface of a 
uniform conductor out t o  a point w e l l  outside of t he  conductor i s  dominated by 
the  a t t r a c t i o n  between the  e lec t ron  and the  induced surface charge of t he  oppo- 
s i te  s ign d is t r ibu ted  over t h e  conducting surface. This statement implies t h a t  
the  outside space i s  e l e c t r o s t a t i c a l l y  f ie ld- f ree  except f o r  t he  f i e l d  produced 
by the  electron or ion and i t s  induced surface charge. 

Figure 1X: lhas  been prepared t o  give an accurate scale  drawing of the  
mirror-image po ten t i a l  function. Two curves are shown: The upper curve is  the 
poten t ia l  funct ion f o r  an electron, and the  lower curve is the  poten t ia l  function 
f o r  a posi t ive ion. I n  both cases the  mirror-image force is  one which a t t r a c t s  
t he  e lec t ron  or ion t o  the  surface. Thus, e lec t ron  energy leve ls  l i e  i n  t h i s  
potential-function plane below the  electron po ten t i a l  function l i ne ;  ion energy 
leve ls  l i e  above the  po ten t i a l  function. 

Fermi level 

1. 6 

> 

1. 6 

2.0 
0 40 80 

I l l 1  
120 160 200 240 

Distance, x, m 

I 
280 

I 
320 

I 
3 6 0 ~ 1 0 - ~ ~  

Figure IX:l. - Mirror- image potential funct ion for electrons and 
singly charged ions. 

Some ambiguity ex i s t s  i n  the  
point of termination of the  mirror- 
image po ten t i a l  function. Figure 1 X : l  
indicates  in te rsec t ion  a t  the  Fermi 
l e v e l  f o r  t h e  electron image function. 
The ion image function is  considered 
t o  be symmetrical w i t h  respect t o  the  
e lec t ron  image function. The axis of 
symmetry is  the  zero poten t ia l  l i ne .  

Figure 1 X : l  displayed the  elec-  
t r o n  and ion functions i n  the  absence 
of any ex terna l  e l e c t r o s t a t i c  f i e l d  
produced by surface and/or space 
charges. The superposition of e lec-  
t r o s t a t i c  forces  and the  mirror-image 
forces  permits t he  display of poten- 
t i a l  functions i n  the  presence of 
combined forces.  Figure I X : 2  i l l u s -  
trates the  superposition and has been 
prepared t o  show two important f ac t s .  
The first r e l a t e s  t o  the  poten t ia l  
functions with zero external  f i e l d .  
The ordinate scale  has been expanded 
a f ac to r  of 10 t o  show t h a t  a t  a d is -  
tance of 1. 4x10-8 meter, the  poten- 
t i a l  function d i f f e r s  from t h a t  a t  
i n f i n i t y  by only 0.026 electron 
vol t .  This energy is the electron 

22 



.05 L 
r n  !+/+’ \ ’  \ ’  

/ \  
;c 

i f 
+ 

\ \  

\ 
\ 

\ \ 

. 2 5 1  + 1 I I I \ I ’\ 

0 100 200 
Distance, x, m 

. .  __I 

300x10-10 

Figure IX:2. - Mir ror - image potential functions in presence of ion accelerating field 
of 107 volts per meter. 

v o l t  equivalent of room temperature. 
mirror-image force i s  of l i t t l e  or no consequence a t  a distance from the  con- 
ducting surface of 10-8 m e t e r  (approximately 40 t o  100 atomic r a d i i ) .  

Thus, f o r  a l l  p rac t i ca l  purposes, the  

The second f a c t  r e l a t e s  t o  the  po ten t i a l  functions associated with an ion 
accelerat ing f i e l d  of lo7  vo l t s  per meter. 
above the ion po ten t i a l  l i n e ,  shown here as a so l id  l i ne .  Similarly, t he  elec- 
t ron  energy leve ls  a l l  l i e  below the  electron po ten t i a l  l i n e  shown as the  dashed 
l ine .  Ion removal from t h e  surface is  enhanced by t h e  accelerat ing f i e l d .  The 

Again, a l l  ion energy l eve l s  l i e  
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c r i t i c a l  distance f o r  ion escape has been brought t o  approximately 0 . 6 ~ 1 0 ' ~  
meter, and the  necessary i n i t i a l  k ine t i c  energy f o r  escape has been Xowered by 
0,12 electron vol t .  
an e lec t ron  accelerat ing f i e l d ) .  
t he  locat ion of t h e  c r i t i c a l  distance and point of t h e  termination of t he  m i r r o r -  
image function permits t h e  simple superposition of t he  Schottky e f f ec t  on the  
thermionic emission, t h e  space chmge, and the  sheath r e l a t ions  t r ea t ed  i n  t h i s  
report .  
vo l t s  per meter or l e s s .  F ie ld  strengths greater  than t h i s  introduce a proba- 
b i l i t y  of e lec t ron  tunneling and are a l so  more dependent on the  nature of t he  
force function near t he  emit ter  surface. Morr i s  ( r e f .  7)  has analyzed Schottky 
(and penetration) e f f e c t s  on electron emission f o r  a mirror-image funct ion ter-  
minating on the  conductor surface at  the  Fermi level .  The comparison ( re f .  7)  
of the  terminated image function t o  t he  more usual  simple nonterminated form in- 
dicates  t h a t ,  a t  f i e l d  s t rengths  l e s s  than lo7 v o l t s  per meter, the  current den- 
s i t i e s  of the two cases deviate by only 1 percent. Field strengths greater  than 
lo7 vo l t s  per meter a re  unl ikely i n  a thermionic converter; therefore ,  the  simple 
formalism of the  Schottky e f f ec t  based upon the  nonterminated image poten t ia l  
i s  used i n  the  developnent of the  equations i n  t h i s  section. 

(The e f f ec t s  a r e  iden t i ca l  f o r  e lectrons i n  the  presence of  
The atomic scale  of t h e  dimensions involved i n  

The r e l a t i o n s  t h a t  follow axe l imited t o  accelerat ing f i e l d s  of lo7 

A s  a consequence of t he  experimental f a c t  t h a t  both electrons and ions 
leave a heated surface with a Maxwell-Boltzmann energy d is t r ibu t ion ,  it i s  pos- 
s i b l e  t o  write t h e  equation f o r  the var ia t ion  of current densi ty  produced by a 
var ia t ion  i n  the  surface f i e l d  applicable t o  both par t ic les .  This r e s u l t  ex- 
pressed i n  logarithmic form is  

I n  J = I n  J~ + ( 3. 8X10-5E1/2-) 11 606 
T 

(IX:8) 

A s  a first approximation it i s  p rac t i ca l  t o  assume t h a t  t he  e l e c t r o s t a t i c  f i e l d  
E i s  d i r e c t l y  proportional t o  the  difference i n  the  surface poten t ia l s  of the  
emitter and the  co l lec tor .  

The surface po ten t i a l  difference i s  determined from the applied poten t ia l  
by correcting for t he  contact po ten t ia l  difference ( c p  considered posi t ive only) 

(IX:9) 

The plus s ign appl ies  for an ion  accelerat ing f i e l d ,  the  minus s ign f o r  an e lec-  
t r o n  accelerat ing f i e l d .  The assumption t h a t  E i s  proportional t o  t h e  applied 
voltage corrected f o r  contact po ten t ia l  can be expressed i n  terms of geometrical 
fac tor  ident i f ied  as the  "effect ive spacing". This proport ional i ty  f ac to r  then 
appears as 

W 
e f f  

( IX : lo) 

where 
duces an accelerat ing f i e l d  f o r  t h e  p a r t i c l e  i n  question. After t h i s  subs t i tu -  
t i o n  i s  made i n  equation ( I X : 8 ) ,  it may be wr i t ten  i n  e i the r  of the  following 
forms: 

VB ( the applied poten t ia l )  i s  t r ea t ed  as a posi t ive quantity if it pro- 
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o r  

[" - ('vClr'2 11 606 
T I n  J = In Jo + 3.8~10~~ 

Weff 
( 1 X : l l )  

loglo J = loglo Jo + 1.65x10-5 ['B - ('vc)]l/z 11 606 ( I X  : 1 2 )  
Weff T 

These equations suggest t h a t  the  logarithm of the  current density should be 
p lo t ted  as a function of t he  square roo t  of t he  applied voltage (corrected f o r  
contact po ten t ia l  difference)  divided by the  electron vo l t  equivalence of t e m -  
perature. If a s t r a igh t  l i n e  r e su l t s ,  it i s  then j u s t i f i e d  t o  assume t h a t  t h e  
l i nea r  r e l a t i o n  expressed by equation ( 1 X : l O )  i s  applicable. Field d i s to r t ion  
which r e s u l t s  from geometrical f ac to r s  only does not i n t e r f e re  w i t h  t he  l i n e a r i t y  
of t he  p lo t  but simply gives an unrealistic value of weff. Space-charge e f f ec t s  
a re  the  most  serious and the  most d i f f i c u l t  t o  include i n  the  analysis  since 
then E w i l l  be a nonlinear function of V. If the  space charge i s  due t o  the  
ions or electrons being measured, the  f i e l d  i tself  w i l l  always be weaker than 
t h a t  computed from geometrical considerations. If the  space-charge present is  
of the  opposite sign, then the  f i e l d  w i l l  be stronger than would be computed by 
equation ( 1 X : l O ) .  Both of these e f f ec t s  become l e s s  important at higher values 
of applied voltage. This can be seen i n  f igure  I X : 3 ,  which i s  a typ ica l  
"Schottky plot" of Cesium ion emission observed i n  a thermionic converter oper- 

a t ing  a t  voltages corresponding t o  a strong ion accelerat ing f i e l d .  
imate t o  apply equation ( 1 X : l Z )  t o  data  of t h i s  type by drawing a s t r a igh t  l i n e  

It i s  l e g i t -  

Measured 
diode spacing, 

CI 

+ 

.71 I I I I I I I I '  I I Id 
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q(V - ljl"/kT 

Figure IX:3. - Typical Schottky plot of cesium ion  emission from tungsten emitter 
in planar thermionic  converter. Emitter temperature, 1472" K; cesium reser- 
vo i r  temperature, 470" K; 91 - 'p2= 1. 
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through the  higher voltage data  and extrapolat ing t h e  l i n e  t o  zero voltage 
(based on surface po ten t i a l  difference).  The value of loglo J is thus estab- 
l ished. The slope of t he  l i n e  gives the  value of spacing. This may be expressed 
e x p l i c i t l y  as 

(IX:13) 

I n  t h i s  equation, S 
used; t h a t  is, 

i s  the  slope of +the s t r a igh t  l i n e  &awn when loglo J is  

(IX:14) 

X - CONCLUDING REMARKS C O N C m N G  USE OF SCHOTTKY TNEORY 

Although the  theory reviewed i n  the  previous sect ion of t h i s  report  has 
generally been applied t o  e lectrons,  it i s  equally va l id  as it appl ies  t o  ions. 
The theory is  most l i k e l y  t o  be of value i n  the  treatment of ion currents i n  the  
analysis  of voltage-current curves taken i n  a plasma diode. 
t he  emitter temperature t o  the  c e s i m  bath temperature is less than 2.9, the  
sheath condition a t  the  emitter is generally e lectron r ich .  Ion current data 
taken i n  a very c lose ly  spaced diode and with applied poten t ia l s  approximately 
2 vo l t s  more negative than t h e  open-circuit voltage i n  t h i s  e lectron-r ich region 
follow the  Schottky theory quite well. The slopes a re  very consistent with the  
ac tua l  spacing. The extrapolation of t he  l i n e  t o  e s t ab l i sh  the  zero-field con- 
d i t i on  yields  information by which a comparison can be made with the  Langmuir- 
%ha theory of ionization. This method of analysis  applied t o  spacings t h a t  
a r e  Large compared with the  mean free path of the  ions of ten r e s u l t s  i n  a nearly 
s t r a igh t  l i n e  display of t h e  data, and yet  the slope of t h e  l i n e  i s  far i n  ex- 
cess of t h a t  an t ic ipa ted  from geometrical considerations. Thus an abnormally 
s m a l l  value of  Weff i n  comparison with the  ac tua l  value i s  interpreted as a 
d i r ec t  indicat ion t h a t  a "plasma" or "col l i s iona l"  condition has developed i n  
the  interelectrode space. The f i e l d  i s  no longer d i r e c t l y  proportional t o  the  
applied voltage but i s  g rea t ly  d is tor ted  by the  presence of space-charge and 
co l l i s iona l  e f fec ts .  The observed current fa l ls  very much more rap id ly  with a 
change i n  voltage and therefore  corresponds t o  a much steeper slope of the  
Schottky l i n e  than can possibly be j u s t i f i e d  on the  Schottky theory basis.  Such 
an analysis  s t i l l  has value i n  t h a t  t he  experimental r e s u l t s  cas t  i n  t h i s  form 
c l ea r ly  i l lustrate that t h e  flow of ions i s  inhibi ted by t h e  presence of t he  
atoms i n  s p i t e  of t he  f a c t  t h a t  an ion accelerat ing f i e l d  i s  presumed t o  e x i s t  
across the  en t i r e  interelectrode space. 

When the  r a t i o  of 

The Maxwell-Boltmann portion of the  log  - current-voltage curve is  usual ly  
l i nea r  over several  orders of magnitude of current f l o w  i n  a well-controlled 
vacuum diode experiment. Subsequent in te rpre ta t ion  of t he  space-charge region 
leading t o  the determination of emit ter  and co l lec tor  work function i s  quite 
d i r ec t  by the  techniques described i n  the  earlier sect ions of t h i s  report .  
presence of ion currents even though small d i s t o r t s  t he  Boltzmann l i n e  and in-  

The 
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t e r f e re s  with t h e  “single-charge” in te rpre ta t ion  of t h e  net  current results. 
first s tep  i n  the reduction of t he  net current data (where +J << -J) i s  the  
use of the  Schottky analysis  t o  determine the  zero-field ion current. If t h i s  
value and other terms i n  
the  net current can be corrected d i r ec t ly  f o r  the  ion current contribution. As  
t he  accelerat ing po ten t i a l  i s  reduced and the  simple corrections become more 
inaccurate, t he  large e lec t ron  current w i l l  usual ly  dominate and mask the  un- 
ce r t a in t i e s  i n  r e f l ec t ion  and space-charge e f f ec t s  on ion currents. 

A 

x indicate the  ion space-charge e f f ec t  i s  minor, then 

X I  - REVIEW OF SHEATH AND PLASMA THEORY OF ISOTHERMAL DIODE 

Voltage-current curves of a cesium plasma diode operated a t  extremely close 
spacing are quite r ead i ly  interpreted i n  terms of conventional formulations 
based on the  Richardson-Dushman emission equation, Langmuir-Saha (ref. 8)  ion 
production probabi l i ty  equation, conventional space -charge theory, Schottky 
( r e f .  6 )  theory, and extrapolat ion of Langmuir-Taylor ( r e f .  9 )  cesium coverage 
data. It is  pa r t i cu la r ly  in te res t ing  t o  observe both t h e  ion and electron cur- 
r en t s  a t  various spacings when the  emitter temperature T and the  cesium tem- 
perature Tcs a r e  r e l a t ed  i n  terms of t h e i r  r a t i o  by 2.9 < (T/Tcs) < 3.4. 
Within t h i s  range, conditions near the  emitter go from e lec t ron  r i c h  t o  ion r ich .  
It i s  assumed t h a t  under the  l a t t e r  condition, there  i s  no d i f f i c u l t y  co l lec t ing  
the  f u l l  value of e lectron emission current avai lable  a t  t he  emitter. Experiment 
shows t h a t  over a l imited range i n  spacing, t h i s  f u l l  current i s  observed, but 
as the  spacing i s  increased t o  become comparable with the  electron mean f r e e  
path an e lec t ron  space-charge ba r r i e r  develops t o  i nh ib i t  t he  flow i n  sp i t e  of 
the  ion-rich condition near the  surface ( re f .  10).  The reverse of t h i s  picture  
appl ies  if t h e  emitter sheath i s  electron r ich.  The ion production observed a t  
larger  spacings of ten fa l l s  below t h a t  observed a t  close spacings. 
cases, it i s  believed t h a t  a plasma condition has formed close t o  t h e  emitter 
and t h a t  var ia t ions  i n  applied co l lec tor  po ten t ia l  modify t h e  col lector  sheath 
more noticeably than they do t he  electron- or ion-limiting bar r ie rs .  In  recog- 
n i t i on  of t h i s  observation the  theory of the  isothermal diode w a s  analyzed i n  
d e t a i l  ( re f .  11) so  t h a t  information on the  poten t ia l s  associated with the  
plasma could be established. A br ie f  review of the  r e s u l t s  of t he  isothermal 
analysis  i s  included t o  show how the  numerical r e s u l t s  were established. Inas- 
much as the  equations and t h e i r  derivations are  r ead i ly  found i n  the  l i t e r a t u r e ,  
the emphasis of t he  following sections w i l l  be placed upon presenting the  equa- 
t ions  i n  a form t h a t  permits quick appl icat ion t o  experimental data. The r e -  
l a t ions  involving numerical values of c e s i m  vapor pressure differ  from those i n  
reference 11 since more recent  vapor pressure data are used. 

The f i rs t  s t e p  i n  the  development of the  theory of an isothermal diode 
comes from an appl icat ion of the  %ha (refs. 8 and 1 2 )  equation, which relates 
the  concentration of ions or electrons (since these are equal) t o  the  temper- 
a ture ,  concentration of atoms, and the  ionizat ion potent ia l .  This equation i s  

I n  both 

The random current f o r  cesium ions i s  d i r ec t ly  expressible by 
qvi 1 

= - 17.51 + - 5 I n  T - 2 k ~  + - l n n  In +JP 4 ( X I : 2 )  
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Fermi level 

(a) Work funct ion equals 
plasma potential to give 
no sheath. 

(b) Work funct ion less 
than  plasma potential 
to give electron r i c h  
sheath. 

(c) Work funct ion greater t han  
plasma potential to give i on  
r i c h  sheath. 

Figure X k l .  - Examples of potential diagrams for three dif ferent work functions 

The random current of e lectrons i s  given by 

5 qvi 1 
4 2kT 2 

I n  -Jp = - 11.31 + - I n  T - - + - I n  n (XI:3) 

These two current dens i t ies  a re  r e l a t ed  by the  square root  of mass r a t i o  (492) 
f o r  cesium. 

An isothermal plasma i s  generally bounded by a mater ia l  substance i n  which 
it is possible t o  i den t i fy  the  Fermi level .  A s  a r e s u l t  of the  def in i t ion  of 
chemical po ten t ia l  (e.g. , r e f .  13) and t h e  use of equation ( X I : 2 ) ,  t he  plasma 
poten t ia l ,  r e l a t i v e  t o  the  Fermi l e v e l  of the  surrounding material, i s  given by 

3 @Ji 1 25.31 + - I n  T + - - - I n  n 
4 2kT 2 

(XI  : 4) 

The diagrams of  f igure  X I : 1  i l l u s t r a t e  th ree  examples. The f i rs t  i s  the  
poten t ia l  diagram associated with the absence of any plasma sheath found when 
the  work function is  equal to the  plasma potent ia l .  I n  f igure  XI:l(b),  the 
work function i s  lower while f igure  XI: l (c)  appl ies  t o  a high work-function 
surface. 
e lectron current impinging on the  surface from t h e  plasma. 
current a t  the  boundary and any posi t ion i n  the  sheath is  always zero. 
ion current at  t h e  boundary and i n  the  sheath i s  a l s o  always zero. 

I n  each case, t he  electron emission from the  surface is equal t o  the  
The net e lectron 

The net 

Since diodes f o r  t he  thermionic conversion of heat t o  e l e c t r i c i t y  a re  never 
isothermal, the  appl icat ion of the  aforementioned r e s u l t s  is somewhat qual i ta-  
t i v e ;  thus there  i s  seldom any need t o  determine the  isothermal plasma poten t ia l  
t o  an accuracy b e t t e r  than about 1 percent. Figure X I : 2  serves t o  r e l a t e  the 
plasma poten t ia l  t o  t he  isothermal temperature and t h e  cesium atom densi ty  ex- 
pressible  i n  terms of t he  corresponding cesium condensation temperature. For 
more accurate results, a very simple formula may be used with the  help of the  
correlat ion chart  given as f igure  XI:3. 
co l l i s iona l  t ransport  i n  t he  interelectrode space. The equation t o  be used 
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Figure XI:2. - Plasma potential as funct ion of surface temperature 
and cesium reservoir temperature. 
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Figure XI:3. - Correlation char t  for  f(TCs) as funct ion of cesium reservoir temperature used in equation 
(XI:6) (p = 1. 799 + f(TCs)Tx10-3, V)  for computation of isothermal plasma potential referenced to Fermi level. 

with t h i s  char t  i s  - 
v p = 1.799 -1- f ( T C s )  - 'I' 

1000 

X I 1  - FOWLER P0"TIAL FUNCTION IN SHEA.TH 

(XI:6) 

The Fowler (ref. 14) so lu t ion  of the  space-charge equation i s  used t o  give 
a determination of the  d i s t r ibu t ion  i n  po ten t i a l  i n  the  t r a n s i t i o n  region between 
the  surface of t h e  surrounding conductor and t h e  plasma poten t ia l  
ure XII:l defines ce r t a in  e s s e n t i a l  points. The mathematical solut ion allows 

p. Fig- 
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t h e  poten t ia l  t o  approach a value of w 

which l i e s  inside t h e  true surface a distance The de ta i led  developnent of 
t he  equations i n  this  sec t ion  i s  given i n  reference 11. The Fowler solut ion is 
simplified by the introduction of a distance parameter similar t o  the  "Debye 
distance"; the  Fowler distance differs only by a fac tor .  
given by 

by assuming a " f i c t i t i ous"  surface 
xo. 

This parameter is  

I 

I I I 
I 
I 
I-, LT 

The exact equation for t h e  distance from the  f i c t i t i o u s  surface t o  the  real  sur- 
face i s  given by 

xo is  1 . 6 8 ~ 1 0 - 7  meter, which i s  only 
20 percent l a g e r  than xl. 

VX P 
The Fowler space-charge equation ex- 

pressed i n  terms of t he  poten t ia l  function 
Vx r e l a t i v e  t o  the  isothermal plasma poten- 
t i a l  is  given by 

T 
v x  - P . x  - - _ _ _  
f--- v:-P 

q 
i ~~ 

I 
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( X I 1  : 4) 

The distance t o  a given value of the po ten t i a l  r e l a t i v e  t o  the  r e a l  surface r e -  
quires the  subtract ion of xo (eq. (XII :2) ) .  

It i s  of ten desirable  t o  know the sheath thickness so  t h a t  it can be com- 
pared with the ac tua l  interelectrode spacing. Inspection of equation ( X I 1  : 4) 
shows t h a t  a s  Vx approaches p, the  distance x approaches in f in i ty .  This 
means that there  i s  no absolutely sharp boundary t o  the space-charge sheath; 
thus some c r i t e r i o n  should be chosen to es tab l i sh  a f i n i t e  distance. One such 
p rac t i ca l  c r i t e r i o n  would be t h a t  since t h i s  quantity is  a 
good measure of thermal energy of the charged p a r t i c l e s  involved. 
ular value of the distance defines the  symbol x- and i s  given by 

IVx - pl = kT/q 
This pa r t i c -  

V 
%- = 1.99 x1 m (XII:5) 

The distance f rom the  ac tua l  surface depends on the value of xo given by 
equation ( X I I : 2 )  and may be computed by 

2 d] m ( X I I : 6 )  

exp 

If the  difference i n  po ten t i a l  across the sheath ('pl - p) i s  3kT/q o r  more, 
the approximate form of 

x- - xo = v 

equation ( X I I : 6 )  i s  given by 

Equation ( X I I : 2 )  expanded i n  se r i e s  form is 

( X I 1  : 7 )  

m ( X I 1  : 8 ) 

where 
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The er ror  i n  t h e  use of o n l y  t h e  first term of t h i s  formula is  less than 1 
cent f o r  ( c p 1  - p)q/kT = 3.5; if two terms a r e  used, t he  1 percent e r ro r  i s  

= 1.5. 

The Fowler so lu t ion  of  the  sheath analysis  a l s o  es tab l i shes  the  f i e l d  
t h e  surface 

I n  dimensional form, the f i e l d  a t  the  surface becomes 

A n  approximate logarithmic form va l id  f o r  $l > 4 is  

per- 
a t  

at  

( X I 1  : 9)  

v/m ( X I 1  : 10) 

1 
lnr&)= - 13.247 + 5 I n  np + I n  T + - { X I 1  : 11) 

X I I I - R E L A T I O N  O F  ISOTHERMAL DIODE T€EORY TO SCHOTTKY REDUCTION I N  WORK FUNCTION 

Under some conditions of operation of p r a c t i c a l  thermionic diodes, sCrong 
ion accelerat ing sheaths may form which i n  t u r n  increase e lec t ron  emission. 
increased emission may r e s u l t  i n  pa r t  from a reduction i n  work function i n  ac- 
cordance w i t h  the  Schottky mirror-image theory. The r e l a t ions  given below are 
based on equations i n  sect ions IX and X I 1  and are given i n  a form t h a t  permit 
a d i r ec t  calculat ion of "sheath" enhanced electron emission current.  

The 

A logarithmic form of equation (IX:8) i s  

( X I 1 1  : 1) 

I n  these equations, IF 
accelerat ing f i e l d  of s t rength calculated by equation ( X I 1 : l O )  or ( X I 1 : l l ) .  
The symbol Io  
This equation may be combined with equation ( X I 1 : l O )  t o  give a useful  logarithmic 
expression as 

is  the  emission current i n  t h e  presence of t he  electron 

i s  the  current densi ty  from the  emitter when the  f i e l d  is  zero. 

( X I 1 1  : 2 ) 

1 1 
4 4 kT = - 14.117 -k - I n  np + 3 I n  + 2 I n  s inh 
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A second form of t h i s  equation depends on the  use of equation ( X I I : 1 1 )  i n  equa- 
t i o n  ( X I I 1 : l ) .  This r e s u l t ,  good when (cpl - p)/(kT/q) > 4, is  

1 ” - ’ (XIII:3) 
4 4 

= - 14.463 + - I n  np + 2 I n  

To make d i r ec t  calculat ions from the  atom density and temperature without 
f i rs t  determining %, the  exact and the  approximate formulas a re ,  respect ively 

qvi 1 = - 6.216 + 16 ln - - + I n  n + 1n s inh (kT) 8kT 2- ( X I 1 1  : 4) 

” - ’ (XIII:5) Svi 1 In In(%) N - 6.562 + - I n  % - - + - I n  n + IO 16 (kT) 8kT 8 4kT - 

XIV - CONCLUDING .REMARKS CONCERNING ISOTlERMAL DIODE THEORY 

The isothermal diode theory suffers from the  l imi ta t ions  involved i n  a l l  
equilibrium approaches. Its appl icat ion t o  a thermionic converter represents a 
major perturbation t o  the  basic  assumptions; however, since a semiquantitative 
insight  i n to  the  propert ies  of a diode can be achieved from such a simple u t i l -  
i t a r i a n  approach, i t s  judicious use i s  of value. 

The exact description of t h e  sheath region and the  equations of sheath 
thickness and surface f i e l d  have been formulated by the  isothermal diode theory. 
The r e l a t ions  would be expected t o  give a f i r s t -o rde r  approximation of t h e  sheath 
and plasma a t  the  condition where t h e  random current i s  considerably la rger  than 
the  directed current.  Such a condition could OCCUT when the  cesium pressure is  
quite high and the  T1/Tcs is i n  the  region where e lec t ron  emission is  modest. 
A similar condition can be encountered when the  diode is  operated with applied 
po ten t i a l  su f f i c i en t ly  retarded t o  inh ib i t  the  transmission of the  electron cur- 
ren t .  Houston ( r e f .  15) has indicated reasonable agreement of h i s  experimental 
data with isothermal theory a t  these conditions. 

Lastly,  a great dea l  of u t i l i t y  i s  derived from the  isothermal theory i n  
establ ishing some of t h e  propert ies  of the  plasma conditions. Its use i n  con- 
junction with the  space-charge theory helps t o  define the  conditions where tran- 
s i t i o n s  between space-charge and plasma e f f ec t s  may appear i n  experimental r e -  
sult s. 
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XV - ADDITIONAS; AIDS TO ANALYSIS O F  THERMIONIC C O I W E X m  PERFORMANCE 

Continual use of t h e  Richardson-Dushman emission equation i s  made i n  the  
analysis  of thermionic converter data. 
graphical solut ions f o r  these r e l a t ions  (see Luke (ref. 16), fo r  example); how- 
ever, t he  charts  t h a t  are avai lable  of ten  do not cover the  range of i n t e re s t  i n  
the detai l  desired. Presentation of comprehensive de ta i led  charts  t o  cover each 
s i tua t ion  involves the  obvious problem of generating excess information. There- 
fore ,  a compromise has been made. 
which i s  

Excellent char t s  exist t h a t  provide 

Solutions t o  the  Richardson-Dushman equation 

(XV:l) 

i n  terms of t he  work function have been tabulated (table XV:l) f o r  a range of 
current dens i t ies  of 10-3 t o  10-6 amperes per square meter and temperatures 
from 500° t o  3200° K. 

The exponential r e l a t i o n  between t h e  work funct ion and current density per- 
m i t s  t he  l i n e a r  display of the  tabulated results on semilog graphs i n  the  form 
shown i n  figure X V : L  
of the intercepts  of each constant temperature l i ne .  Thus the  user can se l ec t  
t he  range and scales  o f  i n t e r e s t  and quickly t a i l o r  the  charts  t o  h i s  own use. 

The tabulated solut ion provides a convenient compilation 

Cesium vapor pressure and r e l a t ed  propert ies  are a l s o  of primary in t e re s t  
Several adequate references ( re fs .  17 and 18) ex i s t  i n  thermionic conversion. 

and axe present ly  i n  use; however, recent  vapor pressure data i n  the  7000 t o  
1300' K range indicate  some s m a l l  corrections should be made, particularrly if 
thermodynamic consistancy i s  t o  be a t ta ined  f o r  cesium vapor i n  equilibrium with 
the  l i qu id  or so l id  phase. Heimel (ref. 19), i n  h i s  review of t he  thermodynamic 
propert ies  of cesium, recommends that the  following equation be used for t h e  
vapor pressure of cesium: 

-4053*30 - 0.915282 loglo T + 12.05025 (XV:2) T loglo  P (N/sq m) = 

Equation (XV:2) w a s  se lected s ince it represents a reasonable compromise among 
t h e  known thermodynamic propert ies  of cesium. 

Figure XV:l. - Typical presenta- 
t i on  of Richardson-Dushman 
equations. 

AXI a l t e rna te  expression (ref. 19) f o r  cesium 
vapor pressure based only on the  various vapor pressure 
data (including recent  work) i s  as follows: 

-3920' 38 - 0.519781 loglo T + LO. 71914 
T log10 P "sqm 1 = 

(XV:3) 

Equation (XV:3), although i n  excel lent  agreement 
w i t h  experimental vapor pressure data (least-squares 
f i t  t o  the  three-term expression), leads t o  incon- 
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TABLE w:1. - CUMPILATION OF IlrTERCEPTS O F  R I (  

1 

Tem- 
pera 
t u r e  
OK 

5 u o  
510 
5 2 0  
5 3 0  
5 4 0  

5 5 0  
560 
5 7 0  
5HO 
5 9 0  

600 
610 
6 2 0  
6 3 0  
6 4 0  

65U 
660  
6 7 0  
h 8 0  
690  

7 0 0  
710 
7 2 0  
7 3 0  
7 4 0  

7 5 0  
7 6 0  
7 7 0  
7 H O  
7 9 0  

UOG 

b20 

840 

810 

n j o  

850 

8 7 0  
8 8 0  

0hO 

B Y 0  

9 0 0  
9 1 0  
92U 
9 3 0  
9 4 u  

9 5 0  
9 6 0  
9 1 0  
980 
990 

1uou 
I O l U  
I020 
I030  
lU40 

1 0 5 0  
I O 6 0  
1 0 7 0  
1080 
1090 

IlUO 
I l l 0  
112u 
1 1 3 0  
I I40 

1 1 5 0  
1 1 6 D  
1 1 7 0  
1 1 8 0  
I190 

I L O Q  
1210 
ILZO 
1 2 3 0  
1 / 6 0 .  

I250 
1 2 6 0  
1 2 7 0  
I 2 8 0  
1 2 9 0  

I300 
1 3 1 0  
1320 
1 3 3 0  
1 3 4 0  

1 3 5 0  
1 3 6 0  
I 3 7 0  
1380 
1390 

3.104 
3.120 
3.135 
3.150 
3.165 

3.180 
3.196 
3.211 
3.226 
3.242 

3.257 
3,212 
3.287 
3.303 
3.318 

3.333 
3.349 
3.364 
3.379 
3.395 

3.410 
3.426 
3.441 
3.456 
3.472 

3.487 
3.502 
3.518 
3.533 
3.549 

3.564 
3.580 
3.595 
3.610 
3.626 

3.641 
3.657 
3.672 
3.688 
3.703 

3.719 
3.735 
3.150 
3.765 
3.781 

3.796 
3.812 
3.827 
3.843 
3.858 

3.874 
3.890 
3.905 
3.921 
3 . 9 3 6  

3.952 
3.968 
3 .983  
3 .999  
4.014 

4.030 
4.046 
4.061 
4.077 
4.092 

4.108 
4.124 
4.139 
4.155 
4.171 

k.186 
4.202 
4.218 
4.233 
4.249 

4.265 
4.281 
4.296 
4.312 
4.328 

4.343 
k.359  
4.375 
4.391 
4.406 

4.422 
4.438 
k.k54 
4.470 
4.k85 

Current densi ty ,  amp/sq m 

YO-3 I 100 1 103 I -106 
Work funct ion.  eV 

I.43D 
1 . 4 6 7  
1.497 
1 . 5 ~ b  
1.55ti 

I .  5L.l 
1 .611  
I .  05.J 

1 . 7 1 1  

1.742 
1.713 
l r H U 4  
1.H35 
I .  eo:, 

1 . 6 ~ 1  

1 . w 8  
1.927 
1.Y5b 
1.189 
2.02u 

2.051 
2.UHL 
2.113 
2 . 1 4 4  
2.175 

2 . 2 U I  

2.161 
2. JUU 
2 . 3 3 1  

2 . 3 6 ,  
2 . 3 Y 4  
2 . 4 1 ,  
2 . 4 5 6  

z . z j n  

2 . 4 n b  

2.51, 
2 . 5 2 1  
2.5L2 
2.613 
2 . 6 4 5  

2 . 6 7 b  

2.739 
2.771 
2 .HO2 

2 . 6 3 4  

2 . 6 9 7  
2 .  I 2 8  
2.Yt.U 

2 . 9 Y 2  
3 . 0 2 3  
3.L5Y 
3.1167 
1.11a 

3 . 1 , u  
3 . l b /  
3.114 
3 . < * 2  
3.271 

3 . 3 b  
3.341 
3.373 
3 . 4 0 4  
3 . ' . 3 b  

3 . 4 6 s  
3.',00 
3.53L 
3.504 
3.596 

3.b2d 
3 . 6 6 "  
3 . 6 Y L  
3.724 
3 . 7 5 6  

J.78b 
3.826 
3.852 
3.HH4 
3.'116 

3 . 9 4 8  
3.'180 
4 . 0 1 L  
4.049 
4.U76 

9.101 
4.141 
4.173 
4.2U5 
~ 4 . 2 3 7  

2 . 7 ~ 8  

2.005 

1 . 1 3 9  
1 . 1 6 3  

1 . 2 1 2  
1.217 

I . 2 b I  
1.2nb 
1 . 3 1 1  
1 . 3 3 6  
1.360 

1 . i n 1 3  

1.3n5 
1.410 
1.435 
1.460 
1 . 4 b 5  

1.5u9 
1 . 4 3 4  
1 . 5 5 9  
i . 'Jn4 
I . L U 9  

1.615 
1.6bO 
1.b85 
1 . 7 1 0  
1.735 

I .  7bU 
1.7134 
1 . 0 1 1  
1 . O J O  
1 .861  

1 . 8 8 6  
I . Y I 2  
1.431 
1 . 9 b ?  
I .  i n n  

2 . u 1 3  
2 . 0 3 9  
2 . 0 0 4  
2 . c 1 0  
L.112 

2.141 
2.1b6 
2. IYL 

2 . 2 4 3  

/ . 2 b 8  
&.Pi4 
2.  320 
2.345 
i . 3 1 1  

2 . 3 Y I  
2 . 4 r 2  
2.44H 
1 . 4 1 4  
2 . * 9 9  

2 . 5 ~ 5  

6.217 

2.551 
2.571 
2 . b U 3  
2.6'" 

2.62.. <. h0G 
2.7Uh 
2.152 
z.7,n 

2 .  I n 4  
2.01u 
1 . 8 J 6  
i . 8 " 2  
2 . 8 8 8  

1.914 
? . . l * G  
2.966 
2.9Y2 
3.018 

3 . 0 4 4  
2.070 
3.096 
3.127 
3.148 

3 . 1 1 4  
3 .  2 U 0  
3 . 2 d 7  
3.2,3 
3 . 2 7 9  

3.  3"5 
3 . 3 3 1  
3.358 

1.410 
4 . 3 ~ 1 4  

0 . 8 4 1  

0 . 8 7 8  
0.617 

n . d m  

n . i i 5  

0. I 3 4  
0.953 
0.972 
0 . v i u  
i.uno 

1 . w n  

1.005 

1 . 0 4 7  
1.U66 

1 . 1 0 4  

1 . 1 2 3  
1.142 
1.161 

1 . 1 1 9  

I.Ll8 
1.217 
I . 2 5 D  
1 . ~ 7 5  
1 . 1 9 5  

I .  3 1 4  
1 . 3 3 3  
I .  352 
1 . 3 1 2  
l . J ' ? l  

1 . 4 1 0  
1.+30 
I .449 
1 . 4 1 . 8  
1.*88 

1 . 5 0 1  
1.,27 
1.>4b 
I .  
1 . > ~ 5  

I .  b C 5  
1 . b 2 4  
I .  6 4 4  
1 . 0 6 4  
l . o R 3  

i.inu 

1.m3 
1 . 1 2 3  
1.742 
1 . 1 6 2  
1.7112 

1.601 
I . b Z 1  
1 . ~ 4 1  
I . b 8 l  
1 .d80 

I .  100 
1 . Y 2 0  
1.940 
I .  I60 
1.980 

2.v00 
2 . " l I  
2.1139 
2 . ~ 2 9  
>.UT9 

2.049 
2 . I l ' i  
2 . 1 3 ?  
2.159 
2 - 1 7 )  

2.199 
2.21') 
2.237 
2 . ~ 6 ~  
2.L80 

2.300 
2.J20 
2.34u 
2.360 
2.3UU 

2.401 
2.421 
2.441 
2.461 
2 . 4 8 1  

2.,02 
2 . w 2  
2.542 
2.562 
2 . > 8 1  

- 
D.543 
0.556 
0.569 
0.581 
0.594 

0.607 
0.619 
0.632 
0 - 6 4 5  
0.658 

0.671 
0.684 
0.697 
0.710 
0.723 

3.736 
3.741 
0. 7 6 2  
3.775 
3.788 

3.801 

3.828 

3.854 

J.667 
7.881 
3.894 
3.907 
3.921 

3.934 

1.961 
3.97'. 

3 . 8 1 4  

3 . 8 4 1  

3.940 

3 . 9 8 8  

1.001 
1.015 
1.02u 
1.0'17 
1.056 

1.069 

I .  0 9 6  
1.110 
1 . 1 2 4  

1.137 
1.151 
I .  165 
1.179 
I .  192 

I .  206 
I .  22u 
I .234 
1.248 
1.2bl 

1.275 

I .  303 
1.317 
1.311 

1 . 3 6 5  
1.359 
1.373 

1 . 4 U l  

1.412 
1.429 
1 . 4 4 3  
1.457 
1 . 4 7 i  

1.4H5 
1.499 
1.513 
1.527 
1 . 5 4 2  

1.556 
1.570 
I .  584 

1.613 

1.627 
1.641 
1.655 
1.670 
1.684 

I .  698 
1.712 
1.727 
1.741 
1.755 

1.083 

I .  2 0 ~  

1 . 3 n i  

1.598 

Tern- 
pera 
t u r e ,  
0 

1 4 3 0  
1 4 1 0  

I 4 3 0  
14-0 

1 4 5 0  
1460 
14 IO 
14d0 
14" 

1500 
1 5 1 0  
1520 
1 5 3 0  
1 5 4 0  

1550 
1560  
1 5 7 0  

1420 

1 5 8 u  
1 5 v n  

1600 
1 6 1 0  
1620  
I b J O  
l C i 0  

165U 
l b 6 n  
I 6 1 0  
I 6 8 0  
I640 

1 7 J O  
1 7 1 0  
1 7 2 0  
I 7 3 0  
l7PO 

1 7 i ( l  
17bO 
1 1 1 0  

1710  

l 8 U O  
1810 
1820  
I e J o  
lP40 

1 7 8 0  

1 8 5 0  
I 8 6 0  
1 8 7 0  
l8HO 
IbYO 

1900 
IYIU 
IYZU 

1 9 4 0  

I950 
1960 
1 9 1 0  
1980 
19 IO 

L O U 0  

L O L O  
2 0 3 0  
LO40 

20,o 
2 0 6 0  

2C"O 
20?0 

2 1 0 0  
ZIIU 
2 1 1 0  
2 1 3 0  
2140 

2 1 5 0  
2160  
21 70 

2190 

2 2 0 0  
2210 
2 2 2 0  
2 2 3 0  
2 2 4 0  

i ' z m  

m i 0  

zein 

2 1 n o  

~ 2 5 n  

2 2 8 0  

2 2 6 0  
2 2  10 

2 2 9 0  

I I R D S O t l - D U S i  EMATION FOR USE I N  PREPARING 'XAPHICAL SOLUTIONS 

Current densi ty ,  amP/sq m 

10-3 100 I 103 I 106 

4.270 
4.302 
4.334 
4.36b 
4 . 3 9 9  

4 . G 3 l  
4.463 
4.495 
4.528 
4.260 

4.592 
4.625 
4.657 
4 . b e 9  
4.722 

4.754 
4.787 
4.019 
4.851 
4.884 

4.916 
4. ' I 4 9  
4.981 
5.014 
5.OLb 

5.U7V 
5.111 
5. I44 
5.176 
5 . ~ 0 9  

5.241 
5.27'r 
5 . 3 0 1  
5.239 
5.372 

5.',(14 
5.437 
5.470 
5.502 
5.535 

5.587 
5.b00 
5.633 
5.662 
5.690 

5 . 7 3 1  
5.764 
5 . 7 9 6  
5.829 
5.862 

5.894 
5.927 
5.Y60 
5.913 
6.025 

b.u5n 
6 . U 9 1  
b.124 
6.157 
6.190 

6.L22 
6 . 2 5 5  
b . Z H 6  
6 - 3 2 1  
6.354 

6.3H7 
6.420 
6 . 4 5 2  
6.4P5 
6.518 

6.551 
6 . 5 8 4  
6.617 
6.650 
6.683 

6.716 
6 .  1 4 9  
6.782 
6.A15 
6 . 8 4 0  

6 . a 8 l  
6.914 
6.947 
6.980 
1.013 

7 . ~ 4 6  
7.019 
7.112 
7 . 1 4 5  
7.178 

work funct ion,  

3 . 4 3 6  
3.463 

3.515 
3.541 

3 . 4 8 3  

5.568 
3.594 
3.620 
3.647 
3.674 

3.700 
3.726 
3 .152 
3.179 
3 . 8 0 5  

3.1132 
3.b58 
3.1185 
3.911 
3 . 9 3 8  

3.964 
3.991 
4.017 
4.044 
4.070 

4.097 
4 . 1 2 3  
4.150 
4.176 
4.203 

4.230 
4.156 
4.283 
4.309 
4.336 

4 . 3 6 3  
4.389 
4.41b 
4 . 4 4 3  
4.469 

4.496 
4.523 
4.550 
4.576 
4 . 6 0 3  

4.630 
4 . b 5 6  
4 . 6 8 3  
4.710 
4.137 

4.764 
4 .  190 

4.H44 
4 . ~ 1 7  

4.071 

4.898 
4 . 9 2 4  
4 . Y 5 1  
4 .  i7H 
L,.UO> 

5.U32 
5.05'4 
5.086 
5.113 
5.140 

5.166 
> . I 9 3  
5.LZU 
5.247 
5.L74 

5.301 

5.355 
5.382 
5.409 

5 . 4 %  
5.463 
5.490 
5.517 
5.544 

5.571 

5.625 
5.b52 
5.080 

5 .  707 
5.734 
5.161 
5.788 

5.>2n 

5.598 

5.815 

2.603 
2.623 
2.644 
2.664 
2.684 

2.705 
2.725 
2.746 
2.766 
2 . 7 8 6  

2.807 
2.817 
2 .848 
L. P68 
2.889 

L.909 
2.930 
2.95U 
2.971 
2.991 

3.012 
3.032 
3.053 
3.073 
3.094 

3.115 
3.135 
3.156 
3.176 
3.1Y7 

3.218 

3 . 2 8 0  
3.300 

3.238 
3.259 

3 .  3 2 1  
3 . 3 4 1  
3.363 
3.383 
3 .404 

3.425 
3.445 
3 . 4 6 6  

3.508 

3.519 
3 .549 
3.5 10 
3.591 
3.612 

3.633 
3.654 
3.674 
3.h95 
3.716 

3 . 7 3 7  
J.75H 
3.779 
3.800 
3.82 I 

3.842 
3 . 8 6 3  

3.904 
3.925 

3 . 9 4 6  
3 . 9 L l  
J.988 
4.U09 
4.03U 

4.051 
4.072 
4.093 
4 . 1 1 4  
4.135 

4 . 1 5 6  

4.199 
4.220 
4 . 2 4 1  

4.262 
4 . 2 8 3  
4 . 3 0 4  
4 .325 
4.346 

4.367 
4 .389 
4.410 
4.431 
4.452 

3.487 

3 . 8 8 3  

4.178 

~ 

I .  7 7 0  
1.784 
I .  7 9 9  
1 . ~ 1 3  
1.827 

I. 8 4 2  
1 . 8 5 h  
1.871 

1.900 

1.914 
1.929 
1.943 
I .95R 
1.972 

1.987 
2.001 
2 . O l h  

2 . 0 4 5  

2.051 
2.074 
2.OH9 
2.103 
2.118 

2.133 
2.147 
2.162 
2.177 
2.191 

2.206 
2 . 2 2 1  
2.235 
2.240 
2.265 

1 . 8 ~ 5  

2.030 

2 . 2 0 0  
2 . 2 9 4  
2.301 
2 . 3 2 4  
2.339 

2.353 
2 . 3 6 8  

2.398 
2.413 

2.41'1 
2 . 4 4 2  
2.457 
2.412 
2.487 

2 . 5 U 2  
2.517 
2.532 
2.547 
2 . 5 6 1  

2 . ' i I b  
1 .591 
2.6Ub 
2.611 
2.b3b 

2 . 6 5 1  
2.hh6 
2 . 6 H I  
2.6Yb 
2.711 

2.126 
2.741 
2.75h 
2.771 
2.7kl6 

2.3133 

2.801 

2 . 8 4 7  

2.816 
2.832 

2 . 8 6 2  

2.877 
2.892 
2.907 
2.922 
2 . 9 3 1  

2.952 
2.968 

2.998 
3.013 

2 . 9 ~ 3  

3.02~ 
3.043 
3.059 
3-07,. 
3.089 

Ten- 
pera  
t u r e  
4( 

2300 
2110 
2  420 
2 3 3 0  
2 3 4 0  

2350 
2 JbO 
2370 
2380 
1190 

2400 
2 4 1 0  
2 4 2 0  
2 4 1 0  
2440 

2450 
2460 
2470 
2400 
2 4 9 0  

2500 
2510 
2520 
2530 
2 5 4 0  

z 4 w  
2'lbO 
257C 
258.U 
r 5 i O  

26on 
2610 
2620 
2 6 3 0  
2640 

2650 
266U 
2670 
2680 
2690 

1100 
2710 
2 120 
? I 3 0  
1 7 4 0  

2750 
1 I60 
1770 
2 l H O  
? 7 9 0  

? R O O  
2810 

2 H 3 O  
2640 

2 8 2 0  
1860 

<*no 
? U V O  

i 200 
2710 
2120 
2 ' 1 3 0  
2140 

1 I 5 0  
2'260 
1') I D  

1'290 

3000 

1020 
3 0 3 0  
10'10 

3050 
3060 
3 0  IO 
3080 
3090 

3100 
3110 
1120 
3130 
1 1 4 0  

1150 
J16O 
3170 

J130 

2820 

2870 

2900 

3010 

1180 

~ 

i r r e n t  densi ty ,  amp/sq I 

100 I 103 I io6 

WOl. 

5.842 
5.8b9 
5.896 
5.924 
5.951 

5.978 
5.005 
5.n32 
5.059 
5.087 

5.114 
5.141 
5.168 
5.195 
b.223 

5.250 
5.277 
b .304 
5.332 
5.359 

6.386 
5.413 
5.441 
h.468 
5.495 

5.523 
5.550 
6.577 
5.604 
6.632 

6.659 
6.686 
6.714 
6.741 
6.768 

6.796 
b.RZ3 
6.851 

b.905 

b.933 
b.960 
6.988 
7.015 
7.042 

7.070 
7.097 
7.125 
7.152 
7.lHO 

7.207 
7.235 
7.2bL 
7.29U 
7.317 

7.144 
7.372 
I .3Y1 
7.421 
7.455 

7.482 
7 . 5 1 0  
7.537 
7.565 
7.592 

7.620 
7.647 
7.675 
7.702 
7.730 

7.758 
7.785 
7 . 8 1 3  
7.840 
7.868 

6.878 

7.896 
7.923 
7.951 
7.978 
8.006 

8.034 
8.061 
8.089 
Re117 
8 . 1 4 4  

8.172 
8.200 
8.227 
8.255 
8.283 

4.473 
4.494 
4.516 
4.537 
4.558 

4.579 
4.600 
4.622 
4.643 
4.  6 6 4  

4.685 
4.707 
4.728 
4.749 
4.770 

4.792 
4 . U l 3  
4.834 
4.855 
4.877 

4.898 
4 . 9 1 9  
4 . 9 4 1  
4 .962  
4.983 

5.005 
5.026 
5.047 
5.069 
5.090 

5.112 
5.133 
5.154 
5.176 
5.197 

5.219 
5.240 
5 . 2 6 1  
2.283 
5.304 

5.326 
5.347 
5.369 
5.390 
5.412 

5.433 
5.455 
5.476 
5.498 
5.519 

5.541 
5.562 

5.605 
5.627 

5.648 
5.610 
5 . 6 9 1  
5.713 
5.734 

5.756 

5.749 
5.821 
5.842 

5.864 
5.886 
5.907 
5.Y29 
5.950 

5.972 
5.994 
6.015 
6.037 
6.059 

6.080 
6.102 
6 .  I 2 4  
6.145 
6.167 

6 -  189 
6.210 
6.232 
6.254 
6.275 

6.297 
6.319 
6.341 
b -  362 
6.384 

5 . 5 8 4  

5.778 

~~ 
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s i s tenc ies  i n  the  heat of condensation of the  monomer a t  Oo K. Tabulated values 
of the  two vapor pressure r e l a t ions  a re  given i n  tables XV:2 and XV:3. Table 
XV:2 is  the  t ab le  recommended because of i t s  thermodynamic se l f  consistency. 
Table XV:3 is  included as a concession t o  those who w i s h  t o  emphasize vapor 
pressure data alone. The values given i n  table XV:3 are more consistent with 
those used i n  past  thermionic research. 

Included i n  t h e  t ab le s  a re  r e l a t ed  quant i t ies  of i n t e r e s t ,  namely, pa r t i c l e  
density, mean free path f o r  electron-neutral  co l l i s ions ,  and atom flux r a t e  i n  
terms of pa r t i c l e s  per square meter per second and i n  terms of an equivalent 
atom current densi ty  (atom flux divided by 6.24X101s). The cross sect ion used 
f o r  the electron-neutral  in te rac t ion  corresponds to a reciprocal  mean f r e e  path 
at standard conditions (Pc = 1400 em-1). 

The aforementioned t ab le s  , being based on equilibrium liquid-vapor pressure 
measurements, must be modified for use a t  t h e  conditions ex is ten t  i n  the  therm- 
ionic  converter. Exact r e l a t ions  t h a t  describe the  various propert ies  a r e  com- 
plex because of t h e  many possible interact ions t h a t  occur i n  the  plasma. 

A useful  approximate r e l a t i o n  i s  derivable from k ine t i c  theory f o r  use i n  
the  f r e e  molecule flow range. 
multiplying f ac to r  RT i s  

The r e s u l t  expressed i n  terms of a temperature 

n( interelectrode)  = 

A( interelectrode)  = 

where the  subscr ipt  C s  refers t o  measurements 

( X V :  4) 

RTncs (XV:5) 

“cs 
RT 

( X V : 6 )  

of the  vapor i n  equilibrium with 
the  l iquid.  
since f r e e  molecular flow is  assumed. 

The f l u x  equations t o  emitter and co l lec tor  surface a re  unaltered 

Similar correct ion f ac to r s  f o r  t he  continuum 
can be obtained. From the  perfect  gas l a w ,  there  

TCs 
T 1  

n = nCs - 

condition of constant pressure 
results 

(xv: 7 )  

(XV: 8 )  

- 
v = Yes@ 

T 
(XV:9) 
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The t r a n s i t i o n  between f r e e  molecule and continuum can be established by 
the  extensions of t he  previous approach but a re  of questionable use because the  
unknowns related t o  plasma e f f e c t s  would probablyaask these corrections. It 
should be noted t h a t  i n  many cases corrections due t o  poor conductance between 
the  cesium reservoir  and the  interelectrode space introduce addi t ional  cor- 
rec t ions  of the  nature i l l u s t r a t e d  previously. 

XVI - CONCLUDING REMARKS 

Thermionic converters cannot be constructed or analyzed i n  d e t a i l  by t h e  
simple theories  outlined i n  the  preceding sections. Greater a t t en t ion  t o  the  
various complex interact ions i s  required t o  achieve these ends; however, a very 
s igni f icant  s t e p  can be achieved i n  the  general understanding of the  mechanisms 
a t  play i n  p rac t i ca l  converters by the  approaches outlined. The point of view 
used i n  each sect ion w a s  t o  emphasize or develop simple r e l a t ions  d i r e c t l y  
derivable from exis ten t  theory. Simplicity w a s  emphasized because of t he  sub- 
sequent u t i l i t y  of the  r e su l t i ng  equations, t ab les ,  or f igures  i n  t r ea t ing  ex- 
perimental data. No new theor ies  or analyses have been advanced. A n  attempt 
has been made t o  c l a r i fy ,  combine, compile, and suggest how t o  use theories  and 
r e l a t ions  t h a t  a r e  the  basic  foundation of thermionic converter analyses. The 
cesium-filled thermionic converter has been emphasized, and many of the  r e l a t ions  
were numerically evaluated f o r  cesium because of t he  great promise of a cesium- 
f i l l e d  converter. Nonetheless, the  results presented are equally applicable t o  
other systems with appropriate adjustments of physical  constants. 

XVII - SYMBOLS 

E 

f 

f 
h 

IF  

IO 

J 

-JB 

JbBL 

+JP 

f i e l d  strength,  V/m 

f r ac t iona l  ionizat ion 

function 

Planck's constant, 6.6242~10-~~, J-see 

Schottky enhanced emission current,  amp 

sa tura t ion  emission current,  amp 

current density, amp/sq m 

e lectron current densi ty  a t  a r b i t r a r y  applied voltage 

current densi ty  a t  t h e  Maxwell-Boltzmann l i m i t  (zero f i e l d  a t  co l lec tor ) ,  

VB, amp/sq m 

a P / s q  m 

random ion current densi ty  i n  isothermal plasma, amp/sq m 
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-JP 

JO 

-JO 

K 

k 

m 

n 

nCs 

+% 

-% 
P 

PC 

P 

q 

% 
S 

T 

TCs 

Tl 

T2 

V 

vB 

vc 

random e lec t ron  current densi ty  i n  isothermal plasma, amp/sq m 

sa tura t ion  emission current density (zero f i e l d  a t  emitter) amp/sq m 

e lec t ron  sa tura t ion  emission current densi ty  (zero f i e l d  a t  e m i t t e r ) ,  

amP/sq m 

constant used i n  dimensionless distance parameter of space-charge 

re la t ions ,  (OK) 3/4/aznp1/2 

Boltmann's constant, 1.3805~lO'~~ J/'K 

pa r t i c l e  mass, kg 

par t i c l e  concentration, par t ic les /cu m 

cesium atom concentration, atorn/cu m 

cesium ion concentration, ion/cu m 

electron concentration, electrons/cu m 
= 4 Y e-y2 dy 

probabi l i ty  in tegra l ,  P( lrlk) 

cross sect ion parameter, cm-1 

pressure, N / S ~  m 

e lectron charge, 1.602~10'~~ C 

temperature r a t i o  

slope of Schottky p lo t  (eq. IX:14) 

temperature, OK 

temperature of l i qu id  cesium reservoir ,  OK 

temperature of emit ter ,  OK 

temperature of col lector ,  OK 

po ten t i a l  difference,  V 

po ten t ia l  difference between Fermi l e v e l  of co l lec tor  and Fermi l e v e l  
of emitter,  V 

contact po ten t ia l  difference between emit ter  and col lector ,  V 
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VX 

W 

X 

XM 

XN 

"cs 

cp 

'PMBL 

91 

92 

x 

xc 

ionizat ion po ten t i a l  of cesium, V 

poten t ia l  difference between emitter and co l lec tor  surfaces a t  Maxwell- 
Boltimam l i m i t ,  V 

po ten t ia l  difference r e l a t i v e  t o  isothermal plasma potent ia l ,  V 

distance between emit ter  and col lector ,  m 

e f fec t ive  distance between emitter and co l lec tor  resu l t ing  from constant 
f i e l d  assumption 

distance, m 

distance from minimum space-charge bazr ie r  t o  emitter surface ( i n  emit ter  
space), m 

distance from minimum space-charge ba r r i e r  t o  col lector  surface ( i n  col-  
l ec tor  space), m 

distance a t  which po ten t i a l  is equal t o  kT/q i n  Fowler sheath analysis ,  
m 

distance from r e a l  t o  f i c t i t i o u s  surface i n  Fowler sheath analysis,  m 

distance parameter used i n  Fowler sheath analysis ,  5 / @  

permi t t iv i ty  of free space, 8.85><10-12 C2/(N)fsq m) 

Debye lengths 

mean f r ee  path, m 

mean f r e e  path a t  Tcs, m 

isothermal plasma po ten t i a l  referenced t o  Fermi leve l ,  V 

pa r t i c l e  f l u x  density,  par t ic les / ( sq  m)  ( sec)  

pa r t i c l e  f l u x  densi ty  a t  Tcs, pa r t i c l e s / ( sq  m )  (sec) 

work function, V 

ba r r i e r  po ten t i a l  referenced t o  emitter Fermi level a t  Maxwell-Boltzmann 
l i m i t ,  V 

emitter work function, V 

col lector  work function, V 

dimensionless distance , ~ 1 / 2 x / ~ 3 / 4  

dimensionless distance i n  co l lec tor  space (see f ig .  1II:l) 
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dimensionless distance corresponding to XN 

dimensionless distance corresponding to zero field at emitter 
(saturated current) 

dimensionless distance in emitter space 

dimensionless distance corresponding to xM 

dimensionless distance corresponding to zero field at collector (MBL) 

dimensionless potential , qV/kT 
dimensionless potential in collector space 

dimensionless potential corresponding to XN 

dimensionless potential corresponding to zero field at emitter 
(saturated current) 

dimensionless potential in emitter space 

dimensionless potential corresponding to XM 

dimensionless potential corresponding to zero field at collector (MBL) 

dimensionless potential ( c p 1  - p)/(kT/q) used in Fowler theory 

Lewis Research Center, 
National Aeronautics and Space Administration , 

Cleveland, Ohio, October 26, 1965. 
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